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ABSTRACT
In the fabrication of ultra-large-scale integrated (ULSI) semiconductor devices, the chemical-
mechanical polishing (CMP) process is extensively employed. During the CMP process,
undesirable scratches are produced on Cu interconnects both by the abrasive particles in the
slurry and by the softer pad asperities. In order to meet the stringent demands of precision
polishing, scratching must be mitigated or eliminated.
This thesis presents scratching models by analytical contact mechanics, finite element
analyses, and statistical methods. First, scratching due to hard, abrasive particles was modeled
and expressions for the maximum and minimum scratch width and depth were determined.
Second, scratching of a hard surface by a softer body, specifically the scratching of a Cu coating
by a soft pad asperity, was modeled. It was first assumed that the asperity deforms linear
elastically up to the onset of yielding. A Hertzian pressure distribution in contact with a coating,
with and without friction, was modeled to determine the maximum contact pressure that can
induce yielding in the coating. It was then assumed that the pad asperity deforms fully-
plastically. A uniform pressure distribution in contact with a coating, with and without friction,
was modeled to determine the maximum contact pressure required to induce yielding in the
coating. The maximum pressure was then related to the pad asperity hardness for both contact
pressure distributions. Finally, statistical asperity contact models were developed to relate the
pad asperity radius of curvature to the type of asperity deformation, i.e. elastic at the onset of
yielding or fully-plastic. As a result of these models, expressions that relate Cu coating
scratching to the ratio of pad-to-coating hardness, coefficient of friction, and pad asperity radius
of curvature were developed. The scratching by pad asperity models were validated by
performing single and multi-asperity sliding experiments. The effects of pad hardness, pad
asperity radius of curvature, and coefficient of friction were related to the frequency and severity
of scratching.
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CHAPTER 1
INTRODUCTION
1.1 Background
In 1965, Dr. Gordon E. Moore, a pioneer of integrated circuit (IC) technology, had observed
that the number of components per integrated circuit approximately double every year, the so-
called "Moore's Law." Figure 1.1 is a graph from Moore's 1965 paper [Moore, 1965]. Since
1965, "Moore's Law" has remained roughly accurate. Figure 1.2 shows, however, that the
historical data match more closely with a doubling of components every two years, rather than
every year. As of 2010, advanced ICs have more than 2 billion transistors per chip. In order for
this trend to have persisted for over four decades, the semiconductor manufacturing industry has
had to innovate enabling technologies to meet the demands of ultra-large-scale-integrated (ULSI)
electronics.
One such enabling technology is the chemical-mechanical polishing (CMP) process. As
more and more transistors are crammed at the device level of an IC, ever increasing levels of
interconnects are required above that level. As of 2009, the number of interconnect levels above
the device level was 12 [ITRS Roadmap]. Figure 1.3 shows a cross-section of a semiconductor
device with 12 metal layers. Figure 1.4 shows a planar view of a 300 mm wafer with
approximately 80 ICs, a single IC, and Cu interconnects.
Chemical-mechanical polishing is both a surface planarization and a polishing process
[Venkatesh et al., 1995; Komanduri et al., 1997; Hutchings, 2002]. Two different types of CMP
are used in IC manufacturing: inter-level dielectric CMP and metal CMP [Kaufman et al., 1991;
Lai et al., 2002; Yi, 2005]. In inter-level dielectric CMP, Al strips are created by depositing a
uniform layer of metal and then using a mask, photolithography, and etching to pattern the bulk
material into strips. A uniform layer of SiO 2 is then deposited over the Al interconnects. Then,
CMP is used to planarize the remaining SiO 2 [Patrick et al., 1991; Ali et al., 1994; Hayashi et al.,
1995]. This process is shown schematically in Figure 1.5(a)-1.5(c). Dielectric CMP is also used
to remove the excess dielectric material, typically SiO 2, from the device level during shallow
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trench isolation. In metal CMP, the dual-damascene process is employed. First, a uniform layer
of dielectric material, such as SiO 2, is deposited over a planar surface, followed by inter-level
dielectric CMP to planarize the oxide [Philipossian and Olsen, 2003]. Then, photolithography is
used to create narrow trenches (on the order of 45 nm wide) and vertical vias in the surface of the
SiO 2 followed by the deposition of a uniform layer of metal (in most cases Cu) over the SiO 2.
Finally, metal CMP is used to planarize the remaining metal, as shown in Figure 1.5(d)-1.5(f).
Due to its low electrical resistivity, recently Cu has emerged as the preferred interconnect
material, and the dual-damascene process utilizing Cu is the industrial standard. Therefore, in
this thesis, only CuCMP will be addressed and the term CMP generally refers to copper
chemical-mechanical polishing.
A cross-section of an IC with 2 metal layers is shown in Figure 1.6. This is an example of a
chip from the early 1990s manufactured without the use of CMP. Surprisingly, this chip was
fully-functional. However, this clearly shows the need that as more layers were added to
integrated circuits and as the feature size decreased, it was necessary to employ a planarization
technique such as CMP.
1.2 The Process of CMP
During CMP, a wafer is pushed against a polishing pad at some pressure, typically in the
range 6.9 - 69 kPa (1-10 psi). Both the pad and the wafer are rotated at similar rotational
velocities [Runnels and Eyman, 1994]. A schematic of this is shown in Figure 1.7. The wafer
and the pad are usually positioned such that their centers are off-axis, thereby ensuring the linear
velocity to be constant at all points on the wafer [DeJule, 1998]. In addition, an abrasive slurry
is supplied to the interface of the wafer and the pad [Cook, 1990; Gutmann et al., 1995; Qin et
al., 2003; Teo et al., 2004]. A typical slurry consists of approximately 95% H20, 3% H2 0 2 and
2% A12 0 3 particles by volume. The chemical component of CMP is the reaction of the wafer
surface with the slurry chemicals to form a soft layer [Che et. al, 2003; Jindal and Babu, 2004].
The mechanical component is the removal of the softened surface by hard abrasives in the slurry
[Steigerwald et al., 1995; Basim et al., 2000; Singh and Bajaj, 2002]. The material removal rate
of the excess Cu is governed by the Preston equation [Preston, 1927]:
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Figure 1.5: Schematic of (a)-(c) inter-level dielectric CMP and (d)-(f) metal CMP [Noh, 2005].
Figure 1.6: Cross-section of a device with two metal layers fabricated without the use of CMP
[Seshan, 2002].
Figure 1.7: Schematic of the CMP process.
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dt
where he is the thickness of the Cu coating removed, t is the time, k, is the Preston constant, p is
the pressure applied to the wafer during polishing, and v, is the relative velocity of any point on
the wafer surface. Typically, a conditioning disk which consists of diamond is constantly in
contact with the pad. This ensures that the micron-sized peaks and valleys of the pad are
retained as polishing progresses. These peaks and valleys aid in the delivery of slurry and with
the removal of the excess Cu waste.
The average and root-mean-square roughness of a properly polished planar surface of Cu after
CMP is on the order of 1 nm [Eusner, 2008]. Therefore, CMP is more than capable of meeting
the planarization needs of the semiconductor manufacturing industry.
However, polishing structures comprising of low-k dielectrics poses a great challenge. Since
low-k dielectrics are both soft and compliant compared with SiO2, scratching of the Cu
interconnects is now a dominant problem in CMP.
1.3 Cu Interconnect Scratching: Transition to Low-k Dielectrics
As the number of transistors at the device level of an IC has increased, so too have the
number of metal interconnect layers. But the widths of the metal interconnects on the first metal
layer must continuously shrink, for the first metal layer interconnects make local, transistor-to-
transistor connections. Recently, the width of interconnects on the first metal layer has shrunk to
below 45 nm. Due to the small width between the insulating materials, the RC delay in the
interconnects has greatly increased. RC time delay is the most common measure of the
interconnect delay and is the time taken for the voltage at one end of an interconnect to reach
63% of a step-voltage imposed at the other end. Figure 1.8 shows a schematic of Cu/SiO 2
interconnects.
The resistance, R, of the interconnect is given by:
R = p 1 (1.2)
wh
where p is the electrical resistivity, I is the length of the interconnect, w is the width, and h is the
height. The capacitance, C, is given by:
hi
Figure 1.8: Schematic of Cu interconnects embedded in the SiO2 dielectric.
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C = ko th (1.3)
A- W
where k is the dielectric constant of the insulating material, so is the permittivity of free space (a
constant) and A is the pitch of the metal interconnects. Therefore, the RC time delay is given by:
RC = pk 12 -(1.4)
W( A - W)
Thus, as the width of the metal interconnects, w, and the width of the insulating material, X-w,
continue to shrink, the RC time delay increases [Steigerwald et al., 1997]. There are only two
methods of reversing the increase in the RC delay: decrease the resistivity of the metal
interconnects, and/or decrease the dielectric constant of the insulating material [Ma et al., 1998;
Chen et al., 1999; Martin et al., 2000; Wrschka et al., 2000; Maier, 2001; Maex et al., 2003].
The semiconductor industry has already changed the electrical resistivity of the interconnects by
replacing Al with Cu. The only metal with an electrical resistivity less than that of Cu is Ag, but
the difference is negligibly small. Therefore, the semiconductor industry is now attempting to
replace SiO 2, which has a dielectric constant of about 3.9, with low-k dielectrics [Morgen et al.,
2000]. Low-k dielectrics are insulators that have dielectric constants less than that of SiO 2.
Current low-k dielectrics are variations of doped SiO 2 with porosity on the order of 30%. The
dielectric constants of these materials are in the range 3.05-2.50, a significant reduction.
However, despite their superior electrical properties, the low-k dielectrics have poor mechanical
properties [Neirynck et al., 1996; Borst et al., 2002]. The new low-k dielectrics have a Young's
modulus an order of magnitude smaller than that of SiO2. In addition, the hardness of the new
low-k dielectrics is also an order of magnitude less than that of SiO2, very similar to that of Cu
[Eusner et al., 2007; Eusner et al., 2008]. Therefore, the new low-k dielectrics are softer and
more compliant than the traditional insulator, SiO 2. As a result, the low-k dielectrics do not
protect the Cu interconnects from physical damage during CMP, whereas in the past, the SiO 2
was essentially rigid and would not allow the Cu to yield. As the industry has replaced SiO 2
with the low-k dielectrics, the scratching of Cu interconnects during CMP has emerged as the
dominant problem. Not only is this a problem for the yield of ICs, but it also hinders the IC
manufacturing industry from completely replacing SiO2 with ultra-low-k dielectrics (k < 2.5),
which is necessary in order to minimize the RC delay [Chiang and Lassen, 1999].
The ITRS roadmap from 2000 shows that in 1999, the effective dielectric constant of
interlevel dielectrics was 3.5-4.0, which essentially means that in 1999 SiO 2 was still
predominant. The 2000 ITRS roadmap also predicted that by 2008 the effective dielectric
constant of interlevel insulators would be 1.5-1.6. Thus, it was expected that by 2008, ultra-low-
k dielectrics would be widely used. However, according to the 2007 ITRS roadmap, the
effective dielectric constant of interlevel insulators in 2007 was in fact 2.9-3.3. This means that
the introduction of low-k dielectrics into IC manufacturing has been significantly delayed. One
of the primary reasons for this delay given by the ITRS roadmap is that the new low-k dielectrics
are not yet compatible with current processes, including CMP. Scratching of the Cu
interconnects during CMP when low-k dielectrics are used as the insulating material is one such
compatibility issue [Zhong et al., 1999; Ring et al., 2007].
Examples of Cu scratching during CMP are shown in Figure 1.9. As shown, different scales
of scratching occur on the Cu coatings during CMP. There are both nano-scale and micro-scale
scratches present. This thesis addresses both scales of scratching during CMP as well as both
primary sources of scratching: the hard abrasives in the slurry and the pad asperities. As shown
in Figure 1.10, the sizes of the particles compared with the pad asperities are orders of magnitude
different. The slurry particles are about 50 nm in radius, whereas the radius of curvature of the
pad asperities is about 50 pm. Therefore, the size difference is three orders of magnitude.
1.4 Other Applications of CMP
The semiconductor industry is by far the dominant user of CMP. In the semiconductor
industry, CMP is primarily used to planarize the 12 interconnect layers which sit above the
device level. However, CMP is also employed during IC manufacturing to remove excess oxide
material during STI (shallow-trench isolation) which occurs on the device level [Blumenstock et
al., 1994; Cooperman et al., 1995; Morrison et al., 2000; Boning and Lee, 2002]. And, similar to
scratching of the Cu interconnects during CMP, scratching of the devices during STI is a
problem.
There are many applications that require a precise planarization process other than the
semiconductor industry. As shown in Figure 1.11, CMP was used to polish the primary mirror
of the Hubble Space Telescope in 1979 [Dunar and Waring, 1999]. Even today, CMP is still
employed to polish the mirrors and lenses of astronomical telescopes [Lubliner and Nelson,
1pm
Figure 1.9: Examples of different scales of scratching on Cu coatings after CMP.
100 nm
Figure 1.10: Scaled cross-section of a typical pad asperity and typical slurry particle on a Cu
coated wafer. The asperity radius of curvature is 50 pm, the particle radius is 50 nm,
and the Cu and SiO2 thicknesses are 1 pm each.
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980; Nelson et al., 1980; West et al., 1992; West et al., 1994]. The Giant Magellan Telescope
which is under construction as of 2010 used CMP to polish each of the seven mirror segments
[Johns et al., 2004].
Another recent application of CMP is for producing MEMS (Microelectromechanical
systems) devices [Sniegowski, 1996; Tang et al., 2005]. As the applications for MEMS have
grown, CMP has been needed whenever the MEMS device has a vertically-stacked integration
[Lee et al., 2004]. A cross-section of a MEMS structure which used CMP is shown in Figure
1.12. Specifically, this MEMS is a micro-mirror array with 6 layers of Al interconnects. CMP
was employed to planarize each of the layers. As more and more MEMS have required
complicated electronic circuitry, the number of levels of interconnects has increased beyond 1
and CMP has been used to planarize MEMS when multiple interconnect layers are needed. And,
it has become increasingly common to use CMP to polish Al films in a MEMS structure that will
be used for reflective purposes [Cho et al., 2003] and Ni in movable or magnetic MEMS devices
[Du et al., 2004] . Furthermore, as polymers are started to be used in conjunction with metal
alloys on MEMS, CMP is used to remove the excess material [Kourouklis et al., 2003; Zhong et
al., 2006]. Last, CMP is used to planarize regions of surface-micromachined MEMS [Nasby et
al., 1996].
1.5 Thesis Organization
The overall goal of the thesis is to model scratching by hard abrasives and by soft pad
asperities in CMP and to propose practical solutions to mitigate scratching. Chapter 1 describes
the background and organization of the thesis. In Chapter 2, the complete characterization of the
CMP pad is presented. The topography and the mechanical properties of the pad were
determined for different levels of broken-in pads. The statistical distributions of the pad
modulus, pad hardness, and asperity radius of curvature were determined. The values of the pad
properties are used in the models presented in the subsequent chapters. In Chapter 3, the theory
of particle scratching is presented. Models based on elastic and plastic analyses of the contact
mechanics of a rigid, spherical particle with planar coatings are introduced. The models were
used to establish the minimum scratch semi-width and depth as well as the maximum scratch
semi-width and depth. Furthermore, statistics was used to create a theoretical distribution of
Figure 1.11: Polishing of the Hubble Space Telescope's primary mirror, May 1979. The
Hubble's primary mirror was made of ultra-low expansion Coming glass and was
the largest mirror in space at the time [Dunar and Waring, 1999].
Figure 1.12: Cross-section of a MEMS structure (micro-mirror array with 6 layers of Al
interconnects) fabricated using CMP. [Witvrouw et al., 2009].
scratch semi-widths due to particle scratching. In Chapter 4, theoretical models of a soft material
scratching a hard material are presented. First, it was assumed that a soft material, such as a pad
asperity, deforms elastically, with and without friction. Second, it was assumed that the soft
material deforms fully-plastically, with and without friction. Furthermore, the scratching of thin
films was explored under elastic and fully-plastic asperity contact. Contact mechanics analyses
and finite element analyses were used to relate the scratching of a hard material to the hardness
of the soft material, the hardness of the hard material, and the coefficient of friction. In Chapter
5, the models presented in Chapter 4 are related to the geometry of a soft pad asperity. The
effect of the asperity radius of curvature was explored in relation to the statistical distribution of
asperity heights. Then, the asperity radius of curvature was related to the type of asperity
deformation, i.e. elastic at the onset of yielding or fully-plastic. Chapter 6 presents the
experimental validation of the theoretical scratching by pad models. Experiments were
performed to show the severity of pad scratching. Then, single asperity contact experiments
were conducted to validate the models. Last, multi-asperity, pad polishing experiments were
conducted to validate the models. Finally, conclusions of the thesis and suggestions for future
research on scratching in CMP are presented in Chapter 7.
Nomenclature
C = capacitance (F)
h = thickness of metal interconnect (m)
h= thickness of Cu coating to be removed (m)
k = dielectric constant
k, = Preston constant (m2/N)
I = length of interconnect (in)
P = pressure (N/m2)
R = resistance (Q)
t = time (s)
Vr = relative velocity (m/s)
w = width of Cu interconnect (in)
co = permittivity of free space (F/m)
A = pitch of Cu interconnects (m)
P = electrical resistivity of the metal interconnect (Qm)
CHAPTER 2
CHARACTERIZATION OF THE MECHANICAL PROPERTIES AND
TOPOGRAPHY OF A CMP PAD
2.1 Introduction
Throughout this thesis, particle and pad scratching models are presented and experimentally-
validated. Both the theoretical models and the experimental validation require the use of the
mechanical and topographical properties of the CMP pad. In this chapter, the Young's modulus,
Ep, hardness, Hp, ratio of modulus to hardness, Ep/Hp, and asperity radius of curvature, Ra, will
be presented for a Rohm & Haas IC 1000 CMP pad. These are the four main properties that are
integral to the analyses presented and experiments conducted in this thesis. These four quantities
will be presented for new, semi-broken-in, and broken-in pads.
It may be noted that there has been relatively little research published on the material
properties and asperity radius of curvature of a CMP pad. Researchers, such as Hooper, Byrne,
McGrath, Davis, and Lu [Hooper et al., 2002; Lu et al., 2002; McGrath et al., 2004], have
analyzed the roughness of a new and a broken-in CMP pad, but this thesis shows that the
roughness is not as sensitive a parameter as the asperity radius of curvature. Furthermore, there
has been some research published on the bulk modulus of the pad by Byrne, Mullany, Beaudoin,
and Lu [Byrne et al., 1999; Lu et al., 2003; Castillo-Mejia et al., 2004], but the methods used to
determine the modulus have been on the macro-scale and are of little use to this thesis.
Therefore, this chapter presents a method of measuring the local pad modulus and local pad
hardness at the nano-scale, in addition to measuring the asperity radius of curvature.
2.2 Breaking-In a New CMP Pad
The Rohm & Haas IC1000 pad was broken-in using an Applied Materials Reflexion LK
series CMP polishing tool shown in Figure 2.1. The pad was broken-in by polishing
approximately 56 blanket Cu wafers while slurry was supplied to the pad/wafer interface. While
the blanket wafers were polished, a diamond conditioning tool continuously conditioned the pad.
Figure 2.2 shows a schematic of the breaking-in and conditioning processes. The Cu wafers
were 300 mm in diameter and had a 1-pm thick Cu coating. Both the pad and the wafer had a
rotational velocity of about 60 rpm. The relative linear velocity at the pad/wafer interface was
about 1.57 m/s. The normal pressure was 10.3 kPa, or 1.5 psi, during the break-in process. The
slurry flow rate was 150 ml/min. The total time to polish one wafer was about 5 minutes,
including setup. The total time to break-in the pad with about 56 wafers took about 4 hours. The
experimental conditions for the breaking-in of the pad are summarized in Table 2.1. In this
chapter, data will also be presented for a semi-broken-in pad, which corresponds to a pad that has
been broken-in by polishing six blanket Cu wafers under the same experimental conditions.
Both a new and a broken-in pad surface can be seen in Figure 2.3. The pitch between
asperities is on the order of 100 ptm and the average width of the asperities is approximately
30 pm. As shown, the surface of the pad drastically changes after the breaking-in process; there
is noticeable wear on the asperities and in between the micro-sized pores.
2.3 Mechanical Properties of the Pad
The mechanical properties of the new and broken-in pads were measured using a Hysitron
TriboIndenter model TI 900, as shown in Figure 2.4(a). The Hysitron TriboIndenter has an AFM
imaging head, an indentation head, and an optical head, as shown in Figure 2.4(b). The
indentation measurements performed on the Hysitron TriboIndenter were completed with a
Berkovich tip composed of natural diamond [Berkovich, 1951]. An SEM micrograph of the
Berkovich tip is shown in Figure 2.5(a). As shown, the tip is a three-sided pyramid with a
relatively short height. Figures 2.5(b) and 2.5(c) are schematics of the Berkovich tip geometry.
As shown, the geometry is such that the angle between the perpendicular and an edge is
76.9 degrees and the angle between the perpendicular and the face is 65.3 degrees. Furthermore,
Figure 2.1: Industrial CMP tool [Applied Materials].
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Figure 2.2: Schematic of the pad breaking-in and conditioning processes.
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Table 2.1: Experimental conditions for breaking-in a new CMP pad.
Parameter
Wafer Diameter
Pad Diameter
Center-to-Center Distance
Rotational Speed of Wafer
Rotational Speed of Pad
Linear Velocity
Normal Pressure
Slurry Flow Rate
Time to Polish 1 Wafer
Time to Polish 56 Wafers
Value
300 mm
1000 mm
250 mm
60 rpm
60 rpm
1.57 m/s
10.3 kPa (1.5 psi)
150 ml/min
5 mins (setup time included)
4 hours
Broken-In Pad
Figure 2.3: SEM micrographs of a new and a broken-in pad.
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Figure 2.4: Hysitron TriboIndenter model TI 900: (a) external case [Hysitron], (b) AFM imaging
head, indentation head, optical head (from left to right).
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the relation between the projected area, A, and the height of the pyramid, h, is given by:
A = 24.56h2  (2.1)
The large coefficient in Eq. (2.1), i.e. 24.56, shows that for small changes in the depth of
penetration into a coating, the projected area changes by a substantial amount. Therefore, the
Berkovich tip is the correct choice for indenting thin coatings, such as wafer coatings, in order to
detect small differences in hardness [Chudoba et al., 2006; Larsson and Wredenberg, 2008].
Furthermore, another good quality about the Berkovich tip is that due to its relatively small
height and large angles, the difference between the projected area and contact area is much
smaller than for other types of indenters. This is important when using different definitions of
hardness whose value depends on either the contact area or the projected area.
The Hysitron TriboIndenter was used to measure the load vs. depth curves for the new and
the broken-in pads. For each pad, 100 indentations were made using the Berkovich indenter to a
depth of 90 nm. The 100 indentations were made using a 10 by 10 square grid with a distance of
10 pm between each indentation. Figure 2.6(a) shows a typical load vs. depth curve for a new
pad. Figure 2.6(b) shows a typical load vs. depth curve for a broken-in pad. It should be noted
that in order to indent the Berkovich tip to the same depth (i.e. approximately 90 nm) for both the
new and the broken-in pads, a larger load was needed for the new pad, preliminarily suggesting
that the new pad is harder than the broken-in pad.
As shown in Figures 2.6(a) and 2.6(b), when the Berkovich tip was unloaded, the depth of
plastic deformation was not immediately obvious from the unloading curves because the curve
did not make an obvious intersection with the x-axis, unlike with metals. As a result of the
ambiguity with the pad unloading curves, the Oliver-Pharr method was used to determine the
modulus and hardness of the pads [Oliver and Pharr, 1992; Gibson and Ashby, 1997; Randall,
2002; Gao et al., 2008].
Figure 2.7 shows a schematic of a loading-unloading curve with the Oliver-Pharr method
used to analyze it. As shown, the permanent indentation depth used to calculate the projected
area, he, is determined by extrapolating the beginning section of the unloading curve. This is
also how the stiffness, S, is determined. The hardness of the sample, H, is then calculated by:
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Figure 2.5: Berkovich indenter composed of natural diamond: (a) SEM micrograph [Hysitron],(b) elevated angles, and (c) in-plane angles.
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Figure 2.6: Load-displacement curves for: (a) a new pad, (b) a broken-in pad.
H = max (2.2)
A
where Pmax is the maximum load applied to the sample. The project area, A, is calculated by
using Eq. (2.1) and he to give:
P
H = max (2.3)
24.56h 2
The equivalent modulus of the Berkovich indenter and pad sample, Er, is obtained by:
Er = (2.4)
'2 .,f
where A is determined by Eq. (2.1) and he. Therefore, Eq. (2.4) simplifies to:
E2 6h2  (2.5)
' 2 V24.56h
The modulus of the pad can then be found using the modulus of diamond, the Poisson's ratio of
diamond, the Poisson's ratio of the pad and the expression for the equivalent modulus from Eq.
(2.5). The Young's modulus of diamond is about 1140 GPa, the Poisson's ratio of diamond is
0.07, and the Poisson's ratio of the pad is 0.3 [Noh, 2005]. It should be noted that the expression
given in Eq. (2.4) is limited to indenters that can be described as a body of revolution, which is
not the case for the Berkovich indenter. However, the functional form of Eq. (2.4) is still correct,
only the constants change.
Figure 2.8 shows scatter plots of the pad hardness vs. pad modulus as well as the linear fit
and correlation coefficient for a new and a broken-in pad. As shown, there is a fairly good
correlation between the pad hardness and modulus which is to be expected because the Oliver-
Pharr method uses the same permanent indentation depth, he, for each sample to calculate the
hardness and modulus.
Figure 2.9 shows the histograms of the Young's modulus of a new and a broken-in pad.
Figure 2.9 also shows the probability density functions of the normalized logarithm of the pad
Young's modulus for a new and a broken-in pad. The data were normalized with the average
value of pad modulus. As shown, the distributions appear to be normally distributed on the
logarithmic scale. Therefore, the pad Young's modulus for both a new and a broken-in pad is
log-normally distributed.
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Figure 2.7: Example of a typical load-displacement curve for the Oliver-Pharr method [Oliver
and Pharr, 1992].
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Figure 2.8: Plot of pad hardness vs. Young's modulus for a new and a broken-in pad.
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Histograms of pad Young's modulus for a new and a broken-in pad.
density functions of the normalized log of the Young's modulus for a
broken-in pad. The data has been normalized with the average modulus.
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Figure 2.10 shows the average value of modulus, along with plus/minus one standard
deviation in modulus, as a function of the number of wafers polished during the breaking-in
process. As shown, the average modulus decreased from 0.66 GPa to 0.34 GPa as a result of
polishing about 56 wafers. Furthermore, the standard deviation in the modulus also decreased
from 0.51 GPa to 0.31 GPa. Therefore, a new pad has a larger modulus as well as a larger spread
in modulus when compared to a broken-in pad. As shown, after polishing 6 Cu wafers, the
modulus is relatively unchanged, but after polishing more than 50 Cu wafers, the modulus
decreases by a factor of 2, and the standard deviation decreases.
Figure 2.11 shows the histograms of the hardness of a new and a broken-in pad. Figure 2.11
also shows the probability density functions of the normalized logarithm of the pad hardness for
a new and a broken-in pad. The data points were normalized with the average value of pad
hardness. As shown, the distributions appear to be normally distributed on the logarithmic scale.
Therefore, the pad hardness for both a new and a broken-in pad is log-normally distributed.
Figure 2.12 shows the average value of pad hardness, along with the standard deviation in
hardness, as a function of the number of wafers polished during the breaking-in process. As
shown, the average hardness decreased from 0.05 GPa to 0.03 GPa as a result of polishing about
56 wafers. Additionally, the standard deviation in the hardness decreased from 0.04 GPa to
0.03 GPa. Therefore, as a result of the breaking-in process, the pad surface becomes softer as
well as more uniform in hardness values. As shown, after polishing 6 Cu wafers, the hardness is
practically unchanged, but after polishing more than 50 Cu wafers, the hardness decreases by
almost a factor of 2.
Figure 2.13 shows the histograms of the ratio of pad modulus to pad hardness of a new and a
broken-in pad. Figure 2.13 also shows the probability density functions of the ratio of the pad
modulus to pad hardness for a new and a broken-in pad. As shown, the distributions appear to be
very similar and they appear to be roughly normally distributed. Therefore, the ratio of pad
modulus to hardness is normally distributed for both a new and a broken-in pad and remains
unchanged as a result of breaking-in a new pad.
Figure 2.14 shows the average value of the ratio of pad modulus to pad hardness, along with
the standard deviation in the ratio, as a function of the number of wafers polished during the
breaking-in process. As shown, the average ratio only slightly decreased from 13.05 to 11.99 as
a result of polishing about 56 wafers. Additionally, the standard deviation in the hardness
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Figure 2.10: Pad Young's modulus as a function of the number of wafers polished. The points
represent the average modulus and the error bars represent one standard deviation.
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Figure 2.11: Histograms of pad hardness for a new and a broken-in pad. Probability density
functions of the normalized log of the hardness for a new and a broken-in pad. The
data has been normalized with the average hardness.
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Figure 2.12: Pad hardness as a function of the number of wafers polished. The points represent
the average hardness and the error bars represent one standard deviation.
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Figure 2.13: Histograms of the ratio of pad modulus to hardness for a new and a broken-in pad.
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Figure 2.14: Ratio of pad modulus to hardness as a function of the number of wafers polished.
The points represent the average ratio and the error bars represent one standard
deviation.
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essentially stayed the same since it changed from 5.67 to 5.70. Therefore, the breaking-in
process does not have a significant effect on the ratio of pad modulus to pad hardness. The ratio
remains unchanged as a result of the breaking-in process. As shown, after polishing 6 Cu wafers,
the ratio of pad modulus to pad hardness is practically unchanged, and after polishing more than
50 Cu wafers, the ratio is still unchanged.
Table 2.2 contains all of the summary statistics for the pad modulus, pad hardness and ratio
of pad modulus and hardness for a new and a broken-in pad. Appendix A contains all of the
experimental data from the indentation tests.
2.4 Pad Topography
In order to quantify the asperity radius of curvature, Ra, profiles of the new and broken-in pad
surface were obtained using a Tencor P10 profilometer. The profilometer applied a normal load
of 20 [N and a scanning speed of 50 [tm/s. The sampling rate was 200 Hz. A schematic of a
profilometer tip in contact with a pad asperity is shown in Figure 2.15. In order for the
profilometer measurement to be accurate when measuring a compliant surface such as a CMP
pad, the profilometer radius of curvature and the applied force, P, must be such that the surface
asperity does not appreciably deform, elastically or plastically. Otherwise, if the asperity enters
the plastic regime, especially, the measurement technique would deform the surface while
measuring the surface, thereby giving an inaccurate surface profile.
In order to determine the elastic limits of the pad asperity, a contact mechanics analysis was
used, following Hertz theory. The equivalent radius, R*, is defined as:
1 1 1 (2.6)
R *R R,
where Ri is the indenter radius. Because the radius of the indenter is an order of magnitude less
than the radius of the asperity, typically Ri is about 2 pm, Eq. (2.6) simplifies to:
R* ~-R, (2.7)
Similarly, because the indenter is composed of natural diamond (and therefore the modulus and
hardness is orders of magnitude larger than those of the asperity), the equivalent modulus, E*, is
given by:
Table 2.2: Summary statistics for the pad mechanical properties.
E, (GPa) Hp (GPa) E, /H,
New Broken-In New Broken-In New Broken-In
Mean 0.66 0.34 0.05 0.03 13.05 11.99
Max 2.28 1.90 0.18 0.20 32.15 39.84
Min 0.06 0.06 0.01 0.01 3.52 4.16
Median 0.57 0.25 0.04 0.02 12.73 10.95
Std. Dev. 0.51 0.31 0.04 0.03 5.67 5.70
95% C.I. 0.10 0.06 0.01 0.01 1.11 1.12
Skewness 0.81 2.88 1.36 3.73 0.73 1.83
Kurtosis 0.14 9.77 1.45 18.08 0.93 5.44
,VP
contact circle
Figure 2.15: Profilometer tip in elastic contact with a pad asperity.
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In order to define a limit to the elastic deformation regime, the Tresca criterion for yielding is
used:
- =0.31 3 6 (2.9)
where Tmax is the maximum shear stress. Therefore, by rearranging Eq. (2.9), the approximate
yield load for the asperity, Pya, is determined:
P =- R2H,3 (2.10)
,a48 E 2P
For a typical pad asperity, the modulus is in the range of 0.2 GPa to 1.1 GPa, and the hardness is
in the range of 0.01 GPa to 0.09 GPa. When these values are substituted into Eq. (2.10), the
yield load ranges from less than 1 [N to 15 pN. Therefore, in order to ensure that the pad does
not deform plastically while measuring the topography of a compliant pad, a load of not more
than about 15 pN should be used. Obviously, in order to properly track the surface of a
compliant, yet rough surface, it may be necessary to use a load larger than the yield load.
However, it is important to know the yield load so that a reasonable load is used instead of a load
many times larger than this elastic limit. Furthermore, the value of 15 pN is an approximate
value since the pad hardness and modulus can be larger or smaller than the values used in the
example.
Table 2.3 summarizes the roughness measurements made on the new and broken-in pad. As
can be seen, the roughness does decrease as a result of breaking-in a new pad, though different
roughness definitions show varying degrees of change. The root-mean-square roughness, Rq,
changed from 8 pm for a new pad to 4 ptm for a broken-in pad. This makes sense since it is
expected that the asperities should decrease in height as a result of the breaking-in process. It is
important to note that the new pad roughness was measured while the pad was dry while the
broken-in pad roughness was measured while the pad was wet. This may have a significant
effect on roughness measurements and therefore, the difference in roughness values should be
taken in moderation.
Figure 2.16 shows the profiles of the new and broken-in pad surfaces for scan lengths of
700 ptm. As the profiles show, the distance between peaks and valleys, as well as the heights of
E* ~_ E (2.8)
Table 2.3: Topography parameters.
Parameter New Pad (pim) Broken-In Pad (im)
Ra (roughness) 6 3
Ra,max (max Ra) 7 5
Rq (rms) 8 4
Rp (peak) 18 14
Rv (valley) 22 11
Rt (peak/valley) 40 25
Rz (10pt height) 33 17
Global Radius 705 1510
New Pad
0 100 200 300 400 500 600
Scan Length (prm)
Broken-In Pad
100 200 300 400 500 600
Scan Length (pm)
Figure 2.16: Cross-sectional profiles of a new and a broken-in pad surface.
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the peaks seem relatively unchanged by the breaking-in process. Thus, the parameter which
reflects these attributes, i.e. the roughness, is relatively unchanged. The asperity radius of
curvature however, does significantly change with breaking-in a pad. The ellipses shown in
Figure 2.16 show the radius of curvature of the highest peaks, which are the peaks most likely to
contact the wafer surface. The tips of the highest peaks appear to flatten as a result of the
breaking-in process. Therefore, it is expected that the radius of curvature increases as a result of
the breaking-in process.
In order to accurately quantify the increase in pad asperity radius of curvature, 40
measurements were made, on both a new and a broken-in pad, of the radius of curvature of the
highest peaks. The radius of curvature was determined by fitting a quadratic function to the
asperity peaks. Figure 2.17 shows the histograms of the radius of curvature for the new and
broken-in pad. As shown, not only did the average of the radius of curvature increase from
16 pm to 93 pm as a result of the breaking-in process, but the standard deviation of the radius of
curvature also increased. The standard deviation increased from 8 gm to 47 gm. Therefore, the
new pad had a narrow distribution of radius of curvature with asperities with sharp tips.
Alternatively, after the breaking-in process, the asperities were significantly flatter with a large
spread in tip radius. Therefore, the breaking-in process does a fairly good job of flattening the
pad asperities, with the majority of the asperities resulting in a "flatter" state. Figure 2.17 also
shows the probability density functions of the radius of curvature for a new and a broken-in pad.
As shown, the distributions are significantly different, yet they both appear to be roughly
normally distributed. Therefore, the pad asperity radius of curvature is normally distributed for
both new and broken-in pads, but the average radius of curvature increases by a factor of 6 as a
result of the pad breaking-in process.
Figure 2.18 shows the average value of asperity radius of curvature, along with the standard
deviation in radius of curvature, as a function of the number of wafers polished during the
breaking-in process. As shown, after polishing 6 Cu wafers, the radius of curvature increases by
almost a factor of 3, and after polishing more than 50 Cu wafers, the asperity radius of curvature
increases -by more than a factor of 6. Appendix B presents asperity wear models that are
experimentally validated using Figure 2.18. Figure 2.19 shows the distributions of the asperity
radius of curvature as a function of the number of wafers polished during the breaking process.
It is apparent in Figure 2.19, that the distribution of the asperity radius of curvature shifts to the
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Figure 2.17: Histograms of the pad asperity radius of curvature for a new and a broken-in pad.
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Pad asperity radius of curvature as a function of the number of wafers polished.
The points represent the average radius of curvature and the error bars represent one
standard deviation.
right and spreads open as the number of wafers polished during the breaking-in process increases.
Table 2.4 is the summary of all of the statistics for the pad asperity radius of curvature for a new
and a broken-in pad. Appendix A contains all of the experimental data for the asperity radius of
curvature.
2.5 Summary
In this chapter, the mechanical properties and topography of a CMP pad were presented.
Specifically, the Young's modulus, E,, hardness, Hp, ratio of modulus to hardness, EJ/H, and
asperity radius of curvature, Ra, of a Rohm & Haas IC 1000 pad were determined for a new, a
semi-broken-in, and a broken-in pad.
In the following chapters of this thesis, particle and pad scratching models will be presented
and experimentally-validated. Both the theoretical models and the experimental validation
require the use of the mechanical and topographical properties of the CMP pad. Furthermore,
there is very little published literature on the complete characterization of a CMP pad.
Therefore, this chapter provided a complete characterization of a typical CMP pad.
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Figure 2.19: Histograms of the pad asperity radius of curvature for a new pad, a semi-broken-in
pad, and a broken-in pad.
Table 2.4: Summary statistics for the pad asperity radius of curvature.
Ra (gm)
New Broken-In
Mean 15.69 93.00
Max 36.70 211.40
Min 6.70 13.90
Median 13.15 83.60
Std. Dev. 7.47 47.30
95% C.I. 2.31 14.66
Skewness 1.08 0.47
Kurtosis 0.52 -0.48
Nomenclature
A = projected area (M 2)
E* = equivalent Young's modulus (N/m 2)
= Young's modulus of an indenter (N/m 2)
= Young's modulus of a pad (N/m 2)
E, = equivalent Young's modulus of a pad and indenter (N/m2)
H = hardness (N/m 2)
H, = hardness of a pad (N/m 2)
h = height of Berkovich indenter (m)
h= permanent indentation depth (in)
P = normal load (N)
Pmax =maximum normal load (N)
PY, = yield load for an asperity (N)
Pg = average pressure (N/m 2)
R, = asperity radius of curvature (in)
R. = indenter radius of curvature (in)
Rq =root-mean-square roughness (in)
S = stiffness (N/m)
Vi = Poisson's ratio of an indenter
v, = Poisson's ratio of a pad
Tmax = maximum shear stress (N/m2)
CHAPTER 3
SCRATCHING BY PARTICLE MODELS
3.1 Introduction
This chapter introduces the contact mechanics models and experimental validation of an
abrasive particle interacting with a planar, smooth Cu coating. It was assumed that the particle is
spherical, and is rigid compared with the coating. Hertzian analysis and the Tresca yield criteria
were used to determine the minimum scratch semi-width and depth, as well as the minimum
normal load, when the coating surface was at the onset of yielding. Fully-plastic analysis was
used to define the maximum scratch semi-width and depth as well as to determine the upper-
bound on the load per particle. Using the minimum and maximum expressions for scratch semi-
width, statistical distributions were created for the normalized scratch semi-width. Furthermore,
the first-order, second-moment (FOSM) method was used to determine the maximum scratch
semi-width and depth based on the standard deviation and average values of particle radius and
pad hardness. The goal of this chapter is to accurately determine the maximum scratch semi-
width and depth due to particle scratching and the parameters that have the greatest effect.
3.2 Elastic Analysis of Particle-Coating Contact
In order to model the interaction between particles and the coating, it was necessary to scale
the problem down from the macro-scale to the nano-scale as shown in Figure 3.1. This made it
possible to model a single particle in contact with a coating. In order to account for the presence
of multiple particles, statistical analyses were used.
Figure 3.2 shows a particle in elastic contact with a Cu coating that is at the onset of yielding,
i.e. the transition from elastic to plastic deformation. The contact pressure profile is ellipsoidal.
Furthermore, the maximum shear stress beneath the Cu coating is plotted and the maximum
value of the maximum shear stress is shown. Only the final results are presented in this section.
A more rigorous derivation of the following formulas can be found in: Eusner, 2008; Johnson,
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Figure 3.1: Different scales of pad-particle-coating contact.
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Figure 3.2: A hard particle in elastic contact with a smooth, planar coating.
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1985; Suh, 1986.
The Tresca yield criterion and the Hertzian equation for maximum shear stress, rmax, can be
used to explicitly solve for the yield load, Pyc:
= - 6 P~yCeEC2
ma 2 = 1 31L , ' 2  3 at z = 0.48a, (3.1)
where -ye is the yield strength of the coating, Ec is the Young's modulus of the coating, R is the
radius of the particle, z is the location beneath the surface of the coating where yielding initiates,
and ac is the radius of contact between the particle and coating, as shown in Figure 3.2. Because
the hardness of the coating, He, is approximated as:
Hc = 3o-,c (3.2)
Equation (3.1) can be rewritten as:
Py = -H R2 (3.3)48 E 2
Table 3.1 gives the values of the Young's modulus and hardness of Cu, SiO 2, and A12 0 3,
which are the typical materials for the slurry particles. The values for diamond have been added
for reference.
Once the yield load has been explicitly solved for, the radius of the contact area at the onset
of yield, ay, and the approach of distant points, c5y, can be obtained by substituting Eq. (3.3)
into the standard Hertzian equations to give:
ay =x He R (3.4)
4 E
and
a2 ,2H2
S- 2 C R (3.5)
'' R 16 E 2
The values for the minimum scratch semi-width and depth are given by Eqs. (3.4) and (3.5),
respectively.
3.3 Fully-Plastic Analysis of Particle-Coating Contact
For the fully-plastic analysis, it is assumed that (a) the coating does not undergo strain
hardening (i.e., the coating will continue to strain at a constant stress) and (b) the coating does
not exhibit any elastic deformation. The geometry of a spherical particle in contact with a fully-
plastic coating provides:
(-, < a) (3.6)R 2 R
where 6c is the depth of the scratch, and ac is the semi-width of a scratch as shown in Figure 3.3.
It may be noted the factor 1/2 appears in Eq. (3.6) whereas in the elastic analysis, it is not present.
Furthermore, the hardness of the coating is given by:
H- = PUB (3.7)
-ra2
2 4
where PUB is the upper-bound normal load applied to the particle [Eusner, 2008; Luo and
Dornfeld, 2001; Suh, 1986]. A schematic of a particle scratching (i.e., plastically deforming) a
Cu coating is seen in Figure 3.3.
Equation (3.7) can be rewritten to solve for the scratch semi-width:
-F2P1'
ac [uB] (3.8)
Similarly, using Eqs. (3.6) and (3.8), the scratch depth can be found as:
5 = UB (3.9)
By rearranging Eq. (3.9), the upper-bound load can be expressed as:
PUB = cRH , (c3 c < R) (3.10)
The upper-bound load for Cu is an order of magnitude less than the upper-bound load for
SiO 2. This provides an explanation as to why scratching was not a problem when SiO 2 was the
insulating dielectric. When the interconnect layers consisted of Cu lines alternating with SiO 2
lines, the SiO 2 provided a certain degree of protection for the Cu interconnects against scratching.
However, now that the semiconductor industry has changed the insulating material from SiO 2 to
low-k dielectrics, which have hardnesses similar to that of Cu and thus similar upper-bound
loads, the insulating material no longer provides protection in the interconnect layers, and thus
scratching of the Cu lines takes place during CMP.
Table 3.1: Young's modulus and hardness
Material
Diamond
A120 3
SiO2
Cu
Ec (GPa)
1140.00
350.00
92.00
128.00
H, (GPa)
140.00
20.00
15.00
1.22
PUB
scratch
projected area
Figure 3.3: A hard particle scratching a soft, planar coating.
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of typical CMP materials.
3.4 The Regimes of Pad Deformation and the Limiting Case
For the system of a soft, compliant pad in contact with a rigid particle, which in turn is in
contact with a smooth, planar coating, as the pressure applied to the pad is increased, the pad
deformation progresses from elastic to plastic. As shown in Figure 3.4, for low pressure, the pad
deforms elastically with the particle and the coating deforms plastically with the particle. By
using the relevant Hertz equations, it can be shown that when the pad deforms elastically, the
semi-width of contact of the pad and particle, ap, is given by [Eusner, 2008]:
I3 PR1
a = R (3.11)
p 4 Ep
Furthermore, for the same low pressure, the coating deforms fully-plastically due to the particle
and ac is given by [Eusner, 2008]:
a, =L rHj (3.12)
If the pressure applied to the back of the pad is increased to the point that the pad deforms
rigid-plastically as shown in Figure 3.4, then a, is given by:
2
ap (3.13)
In this case, the coating still deforms fully-plastically and ac is given by Eq. (3.12). Because
both the pad and the coating deform fully-plastically in this case, Eqs. (3.12) and (3.13) can be
combined to give:
ac = r a (3.14)
Equation (3.14) shows how the semi-width of contact with the pad relates to the semi-width of
contact with the coating.
As the pressure applied to the back of the pad continues to increase to very large values,
eventually the particle will be engulfed by the plastically deforming pad. This is the limiting
case, as shown in Figure 3.4. When this limiting case is reached, the semi-width of contact
between the particle and the pad is equal to the radius of the particle:
I4+I+I I4I
Pad: Elastic E
Elastic Pad
Rigid-Plastic Pad
Rigid-Plastic Pad
Limiting Case
Pad: Rigid H
plastic
Pad: Rigid 2a RP
plastic
Increasing Pressure
Figure 3.4: Regimes of pad deformation.
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apmax = R (3.15)
It is not possible for ap to take a value larger than R. In this limiting case, Eq. (3.15) can be
combined with Eq. (3.14) to give the expression for the maximum scratch semi-width possible
[Eusner, 2008; Saka et al., 2008]:
a = R (3.16)
Equation (3.16) is very important because this gives a value for the maximum scratch semi-width
due to particle scratching and it shows that the dominant parameters that affect particle
scratching are the particle radius, the pad hardness, and the coating hardness. Furthermore, the
semi-width of the scratch can be normalized with the particle radius to provide:
0E< (3.17)
(R) (R) max H
A similar expression can be obtained for the maximum normalized scratch depth [Eusner, 2008]:
HP
- (3.18)R ) R ma Hc
Table 3.2 provides a summary of the particle scratching equations for the scratch semi-width.
Equations (3.17) and (3.18) provide important maximum values for the scratch semi-width and
depth, respectively. There is a lot of published research on modeling the material removal rate
during CMP, but the important maximums given by Eqs. (3.17) and (3.18) are not taken into
account [Ahmadi and Xia, 2001; Fu et al., 2001; Luo and Dornfeld, 2003; Che et al., 2005;
Wang et al., 2005].
3.5 Particle Scratching Statistics
The minimum scratch semi-width is given by Eq. (3.4) and the maximum scratch semi-width
is given by Eq. (3.16). Therefore, it is possible to create a theoretical statistical distribution of
scratch semi-widths. Such distributions are created based upon the normalized scratch semi-
width. The normalized minimum scratch semi-width is given by:
(ac 4 -r(3.19)R mi4n
Table 3.2: Summary of particle-coating contact for different regimes of pad deformation.
Pad Deformation Coating Deformation
Elastic Pad ap = 3PR 1 a= [P]2
4 P P;~
a = 2  a =
Rigid- -Plastic Pad
H
ae = a
C H
Rigid-
Plastic Pad a H R a = P R
Limiting H
Case
It may be noted that the maximum value of scratch semi-width depends on pad hardness, and
the pad hardness itself takes on a relatively wide distribution of values. Therefore, in order to
ensure that the accurate maximum is used for the scratch semi-width, it is necessary to use the
maximum value of the pad hardness, Hp,max. In this case:
(acm)x H ,ax (3.20)
Chapter 2 provides details on how to measure the pad hardness distribution and subsequently
how to determine the maximum value of the pad hardness.
The theoretical distribution first considered is the Gaussian, which is governed by two-
parameters: the average, p, and the standard deviation, o-. In order to determine the average
value, the minimum, Eq. (3.19), and the maximum, Eq. (3.20), are averaged:
P = +[a  (3.21)R ) 2 _R )., R)
And, in order to determine the standard deviation, it is assumed that the range encompassed from
the minimum to the maximum is equal to eight standard deviations which account for 99.99% of
the data:
R- =C i j( 3 .2 2 )
The probability density function (PDF) of the Gaussian distribution is given by:
f~) _ e -1 ___)
f o-, 2 0- (3.23)
x =a/R
Figure 3.5 shows four theoretical Gaussian distributions as well as the corresponding values
for the maximum pad hardness. The maximum pad hardness values range from 0.05 GPa to
0.31 GPa. As shown, the maximum pad hardness affects the value of the maximum normalized
scratch semi-width. The value for the minimum normalized scratch semi-width is independent
of the pad hardness and thus does not change. The value for the minimum is approximately zero,
meaning that it is possible to have very small scratches due to particles on the Cu coating for any
pad hardness.
The other statistical distribution considered is the log-normal distribution. Four log-normal
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Figure 3.5: Theoretical Gaussian distribution of normalized scratch semi-width.
distributions are created such that the mean of the distributions, p, is given by Eq. (3.21) and the
standard deviation, o, is given by Eq. (3.22). The PDF of the log-normal distribution is given by:
f (x)= I exp -i ,lx)
Xnx- rc~ 20-2 (3.24)
x =- a, / R
where p2 lnx is given by:
ph =2ln(u) - In(p2 +U2) (3.25)
and oTinx is given by:
-a= -121n(p)+In (p2 +7 2) (3.26)
Figure 3.6 shows the four log-normal distributions and the corresponding maximum pad
hardness values. Each of the four log-normal distributions has the same average and standard
deviation as the respective Gaussian distributions.
3.6 Sensitivity of the Particle Scratching Statistics
In Section 3.5, it was assumed that the maximum value of the pad hardness is a known value.
However, in reality this is not the case since the pad hardness is a distribution of values and it is
almost impossible to define the absolute maximum value. This section discusses two different
methods of determining the maximum scratch semi-width, ac,max, and the maximum scratch
depth, c,max.
For both methods, it was assumed that the Cu hardness is a unique value and that ac,max and
c max are respectively defined as:
a =Ha "' R. (3.27)
and
Hpmax Rax (3.28)
3 = ^' _(.8
H
where Rmax is the maximum particle radius.
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Figure 3.6: Theoretical log-normal distribution of normalized scratch semi-width.
For the first method, it was assumed that both the particle radius and pad hardness are
normally distributed and approximations for the maximum values were made. The maximum
radius, Rmax, was approximated as the mean particle radius, R,,, plus three times the radius
standard deviation, R,:
R. = R, + 3R, (3.29)
The maximum pad hardness was similarly approximated with the mean pad hardness, H,, and
pad hardness standard deviation, H,:
Hpmax =H + 3H, (3.30)
Substituting Eqs. (3.29) and (3.30) into Eqs. (3.27) and (3.28):
H + 3H
a_ = + "" ""(R + 3R,) (3.31)H
and
cmax = + " (R, + 3R,) (3.32)Hc
Now, Eqs. (3.31) and (3.32) can be used to approximate the maximum scratch semi-width and
depth, respectively, by knowing the average value of the particle radius, the standard deviation of
the particle radius, the average pad hardness, and the standard deviation of the pad hardness.
And, all four of these parameters are measurable quantities.
For the second method, a first-order, second-moment (FOSM) analysis was conducted. The
first step in this analysis was to linearize Eqs. (3.27) and (3.28). The linearization process
approximates the nonlinear equations as the linear equations, and is fairly accurate if the
coefficient of variation is not very large [Ang and Tang, 2007]. Once the equations were
linearized, it was possible to determine the mean and standard deviations of ac and 6c.
The mean value of the scratch semi-width is:
ac, = R (3.33)
Similarly, the standard deviation of the scratch semi-width is:
a, = " H 2 + " R 2  (3.34)
4HH, "" Hc "
The mean value of the scratch depth is
H
- "'AR (3.35)
And, the standard deviation of the scratch depth is:
C = "H 2+ "" R' 2  (3.36)
c" H 2  "" H 2
If it is assumed that the scratch semi-widths and depths are normally distributed, the maxima
can be approximated as the mean plus three standard deviations, as:
acmax =ac + 3a, (3.37)
5max = cu +36,5 (3.38)
By substituting Eqs. (3.33) and (3.34) into Eq. (3.37), the maximum scratch semi-width is given
by:
H, /R2 2HpR
ax = Y PaR+ 3 P -H,|  ""I R| (3.39)
He '~\4HCHP H
By substituting Eqs. (3.35) and (3.36) into Eq. (3.38), the maximum scratch depth is given by:
H R 2 H 2
c =max R+3 VH,+ 2 (3.40)
H " Hc H
Using the FOSM analysis, another approximation for the maximum scratch geometry was
obtained. As Eqs. (3.39) and (3.40) indicate, the maximum scratch geometry is dependent upon
the average pad hardness, the standard deviation of pad hardness, the average particle radius, and
the standard deviation of particle radius. All of these quantities can be readily measured for a
specific polishing pad and polishing slurry.
The nominal particle radius in Cabot Microelectronics iCue C7902 CMP slurry is 90 nm. In
typical slurries, the standard deviation is approximately 30% of the average [Bielmann et al.,
1999]. Therefore, the standard deviation of the iCue C7092 slurry is about 27 nm. Furthermore,
the average pad hardness of a Rohm and Haas IC1000 pad is about 0.05 GPa. The standard
deviation is approximately 60% of the average value, about 0.03 GPa. Using these values for the
average particle size, standard deviation of particle size, average pad hardness, and standard
deviation of pad hardness, as well as the hardness of Cu given in Table 3.1, the first method
estimates a maximum scratch semi-width on a Cu coating of 58 nm and a maximum scratch
depth on a Cu coating of 20 nm. The second method, the FOSM analysis, estimates a maximum
scratch semi-width of 41 nm and a maximum scratch depth of 11 nm. Both methods give similar
values for the maximum scratch semi-width and scratch geometry.
3.7 Cu Polishing Experiments
Cu polishing experiments were performed in order to validate the expressions for the
maximum scratch semi-width and depth due to particle scratching given by Eqs. (3.27) and
(3.28), respectively. The polishing experiments were performed by Silvia Armini [Armini,
2007]. The scratch data collected as a result of the experiments was comprehensively analyzed
and is presented in Appendix C of the thesis [Eusner et al., 2009].
Two 1-pm thick, blanket Cu wafers were polished for 60 seconds each in an Alpsitec E460
CMP polisher, as shown in Figure 3.7. Each of the Cu wafers was polished using a different
silica-based slurry. The first Cu wafer was polished with a slurry that had a nominal particle
radius of 50 nm. The second wafer was polished with a slurry that had a nominal particle radius
of 45 nm. Both slurries contained a particle fraction of 5% by weight in addition to 0.3% H2 0 2
by volume as an oxidizer, 1% glycine by weight as a complexing agent, and 0.018%
benzotriazole by weight as a corrosive inhibitor [Eusner et al., 2009; Armini, 2007]. The flow
rate of the slurry was 200 ml/min. The two Cu wafers were polished with a pre-broken-in Rohm
& Haas IC 1000 pad at a pressure of 27.5 kPa (4 psi). The rotational speed of the wafer was 65
rpm and the rotational speed of the pad was 40 rpm. A summary of the experimental conditions
is given in Table 3.3.
After polishing, the wafers were submerged in deionized water for 60 min and then cleaned
on the cleaning station of an Applied Materials Mirra Mesa polisher. After drying, the semi-
widths and depths of the scratches on the polished wafer surfaces were measured by a
profilometer.
3.8 Particle Scratching Data
The largest scratch found on either of the Cu wafers had a measured scratch semi-width, ac,
of 292 nm and a depth, c, of 7 nm. Furthermore, the largest scratch was located on the wafer
Figure 3.7: Alpsitec E460 CMP polisher [CrysTec].
Table 3.3: Experimental Conditions.
Parameter
Tool
Wafer Diameter
Cu thickness
Pad
Conditioner
Rotational Speed of Wafer
Rotational Speed of Pad
Normal Pressure
Slurry Flow Rate
Slurry Size
Slurry Chemistry
Polishing Time
Value
Alpsitec E460
200 mm
1 [tm
Rohm & Haas IC 1000
Diamond (3M)
65 rpm
40 rpm
27.5 kPa (4 psi)
200 ml/min
~ 50 nm
5% solids, 0.3% H202
60 sec
that was polished with slurry that had a particle radius of 45 nm. If the largest particles present
in the slurry had a radius of 45 nm, then Eqs. (3.27) and (3.28) can be used to solve for the
largest expected scratch semi-width and depth. In order to use Eqs. (3.27) and (3.28), the
maximum pad hardness must be known. Chapter 2 provides the details, but the maximum pad
hardness is taken to be 0.31 GPa. The largest expected scratch semi-width is about 25 nm and
the largest expected scratch depth is about 13 nm. Clearly, the largest actual scratch found on
the Cu wafers was both wider and deeper than the expected maximum values.
If it is assumed that 100 of the 45-nm slurry particles agglomerated together to form a larger,
agglomerated particle, then the equivalent radius of the agglomerate would be about 230 nm.
Appendix C contains the equations used to calculate the agglomerate radius. Once again, Eqs.
(3.27) and (3.28) can be used to determine the largest expected scratch semi-width and depth
assuming that the largest particle present in the slurry has a radius of 230 nm. In this case, the
largest expected scratch semi-width is about 117 nm and the largest expected scratch depth is
about 60 nm. These expected values for the maximum scratch geometry do not agree well with
the measured values. The expressions given in Eqs. (3.27) and (3.28) seem to overestimate the
maximum scratch depth and underestimate the maximum scratch width. The differences
between the predicted maximum scratch geometry and the measured scratch geometry may be
explained by the presence of an agglomerate that is flat and elliptical in shape, or the large
scratch may not have been produced by particles at all, but by the large pad asperities.
3.9 Pad Scratching
The average aspect ratio of the scratches, 2ac/1c, found on the Cu wafers was about 25:1.
This means that the scratches that were formed on the Cu wafers were very shallow, wide
scratches. The fact that the widths of the scratches were so much larger than the depths supports
the hypothesis that the pad asperities themselves could be responsible for scratching.
There has been essentially no research published to date on pad scratching in CMP. Chapters
4 and 5 of this thesis present the theory of pad asperity scratching. The theory explains under
what conditions it is possible for a soft, polymeric pad to scratch a hard, metallic coating.
Furthermore, the experimental validation of the pad scratching models is presented in Chapter 6.
3.10 Summary
In this chapter, particle scratching models were developed. First, the minimum scratch semi-
width and depth were determined by Hertzian analysis and the Tresca yield criterion. Then,
fully-plastic analysis was used to relate the coating hardness to the scratch semi-width and depth.
The different regimes of pad deformation were analyzed and the limiting maximum values of
scratch semi-width and depth were determined. Theoretical distributions of the normalized
scratch semi-width were constructed based on the minimum and maximum values. Both
Gaussian and log-normal distributions were constructed for different pad hardnesses. Then, the
sensitivities of the maximum values for scratch semi-width and depth were presented. Two
different methods were used to approximate the maximum value of scratch semi-width and depth
based upon the averages and standard deviations of the particle radius and pad hardness. An
example was presented and both methods were used to calculate the maximum scratch semi-
width and depth on a Cu coating with a standard CMP slurry and CMP pad. Polishing
experiments were performed to validate the maximum scratch semi-width and depth. Blanket Cu
wafers were polished with two different slurries and the geometry of the resulting scratches was
measured. The geometry of the largest scratch found on the Cu wafers was compared to the
theoretical maximums. It was shown that the large scratches present on the Cu wafers were most
likely not caused by large agglomerates in the slurry. This information, combined with the large
width-to-depth ratios of the scratches, suggests that scratching due to the pad asperities may be
the major source of scratches in CMP.
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Nomenclature
ac = contact semi-width in a coating (m)
= maximum scratch semi-width in a coating (m)
R = normalized scratch semi-width in a coating
mx = maximum normalized scratch semi-width in a coating
mi = minimum normalized scratch semi-width in a coating
ex, =experimental normalized scratch semi-width in a coating
a,, = average scratch semi-width in a coating (m)
ac7 = standard deviation of scratch semi-width in a coating (m)
a, = contact semi-width in a pad (m)
max = maximum contact semi-width in a pad (m)
Y,c = contact semi-width in a coating at yield (m)
Ec = Young's modulus of a coating (N/m2)
E, = Young's modulus of a pad (N/m2)
HC = hardness of a coating (N/m2)
H, = hardness of a pad (N/m 2)
max = maximum hardness of a pad (N/m2)
,, = average hardness of a pad (N/m 2)
,, = standard deviation of hardness of a pad (N/m2)
P = normal load per particle (N)
PB= upper-bound load per particle (N)
PY,c = yield load per particle on a coating (N)
P = pressure (N/m 2)
R = radius of a particle (m)
Ra =radius of curvature of a pad asperity (in)
Rmax = maximum radius of a particle (in)
R" = average radius of a particle (in)
R, = standard deviation of radius of a particle (m)
z = Cartesian coordinate
VR= relative velocity of a particle (m/s)
oc = depth of a scratch in a coating (in)
c,ax = maximum scratch depth in a coating (in)
(6c /R)max = maximum normalized scratch depth in a coating
5c, =average scratch depth in a coating (m)
standard deviation of scratch depth in a coating (in)
(',c = depth of indentation in a coating at yield (m)
A = pitch of slurry particles (in)
, = pitch of pad asperities (in)
P = average parameter in Gaussian distribution
p-, = parameter in log-normal distribution
o = standard deviation parameter in Gaussian distribution
-in, = parameter in log-normal distribution
0-y,c = yield strength of a coating (N/m2)
max =maximum shear stress (N/m 2)
c, =rotational velocity of the pad (1/s)
cn, =rotational velocity of the wafer (1/s)
CHAPTER 4
SCRATCHING OF A HARD MATERIAL BY A SOFT MATERIAL
4.1 Introduction
There are three different modes of "polishing" in CMP, as shown in Figure 4.1. The first is
the "normal" three-body abrasion by small particles. Material is removed on a fine scale by
three-body abrasion and hence there is no severe scratching. In the second, small particles may
agglomerate into large particles and the agglomerates remove material on a larger scale.
Scratching is likely depending on the size and strength of the agglomerate and the interfacial
conditions. These two modes have been modeled in Chapter 3. The final mode of "polishing", is
the direct pad-wafer contact. Contrary to the prevailing view that a pad asperity, which is much
softer than Cu, is not able to mechanically scratch a stiffer and harder material, in this case too
scratching can take place depending on the Young's modulus and hardness of the pad asperities,
the radius of curvature of the asperities, and the interfacial friction conditions. Therefore, the
goal of this chapter is to model pad asperity scratching during CMP and in a more general
context, to model a hard material being scratched by a soft material. The models developed in
this chapter are applicable to many planarization processes where a soft pad is used to polish a
hard material.
In this chapter, the effect of different pressure distributions in contact with the surface of a
Cu coating are presented. The effect of the pad topography, i.e. asperity radius of curvature, is
taken into account in Chapter 5. Figure 4.2 shows the six relevant pressure distributions. Figure
4.2(a) shows a Hertzian pressure distribution in contact with a Cu coating without friction. This
type of pressure distribution would be appropriate when the pad yields elastically or when the
pad is at the onset of yielding. A Hertzian pressure distribution in contact with a Cu coating with
tangential loading, i.e. friction, present is shown in Figure 4.2(b). This pressure distribution is
more practical than the pressure distribution in Figure 4.2(a) because friction is always present
during polishing. Figures 4.2(c) and 4.2(d) show the contact pressure distributions that would be
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Figure 4. 1: Three different modes of "polishing" in CMP.
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Figure 4.2: Different contact pressure profiles for a pad asperity in contact with a Cu coating: (a)
Hertzian pressure distribution (pad at the onset of yielding), (b) Hertzian pressure
distribution with friction, (c) Pad is elastic-plastic, (d) Pad is elastic-plastic with
friction, (e) uniform pressure distribution (pad is fully-plastic), (f) uniform pressure
distribution with friction.
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appropriate when the pad deforms elastic-plastically, with and without friction, respectively.
Figure 4.2(e) shows a uniform pressure distribution without friction present and this would be
appropriate for a pad asperity that deforms fully-plastically. Finally, Figure 4.2(f) shows a
uniform pressure distribution with friction. This distribution is more practical than a uniform
pressure distribution because it takes friction into account. Taking friction into account for any
of these pressure distributions makes the modeling significantly more difficult, but it also makes
the results significantly more accurate.
In 1882, Heinrich Hertz derived the pressure distribution and deformation that results when
two elastic bodies come into contact, which today is known as the Hertzian pressure distribution
[Hertz, 1882]. In 1922, Morton and Close used zonal harmonics to develop a more complete
description of Hertzian contact [Morton and Close, 1922]. After Hertz, Lamb generalized the
problem by solving for the deformations that take place in a body due to any symmetric, normal
pressure distribution, so long as it has a circular contact area [Lamb, 1902]. In 1929, Love
pointed out that in order to solve for the deformations under any pressure distribution, a difficult
double integral would need to be evaluated and that this causes problems for certain pressure
distributions [Love 1927; Love 1929]. Specifically, Love sought to solve for the deformations in
a body under the difficult, special case of a uniform pressure distribution. The difficulty of the
uniform pressure distribution is that there is a singularity at the perimeter of the contact area.
Love deftly assumes that the uniform pressure distribution is not strictly uniform in order to
provide an analytic solution to the problem. In 1946, Sneddon developed an alternative to Love's
approach for solving the double integrals in the case of a uniform pressure distribution [Sneddon,
1946]. He too used approximations that make it possible to solve the double integral
analytically. Both Love and Sneddon were forced to make complicated approximations in order
to solve for the deformations due to a normal, uniform pressure distribution.
In 1949, Mindlin was one of the first to analyze a Hertzian pressure distribution with friction
present [Mindlin, 1949]. In the late 1970's and early 1980's, Spence, Hamilton, Goodman, Hills,
and Sackfield further contributed to the work of solving for the deformations in a body that was
in contact with a Hertzian pressure distribution with friction present [Hamilton and Goodman,
1966; Spence, 1975; Hamilton, 1983; Sackfield and Hills, 1983; Hills and Sackfield, 1987].
In the recent past, different researchers such as Ahmadi, et al., Nayak, and Yu et al., have
used different approximations and numerical approaches to solve for different non-Hertzian
pressure distributions with and without tangential loading for various applications [Ahmadi et
al., 1983; Ahmadi et al., 1987; Nayak, 1991; Yu et al., 1996]. Nevertheless, seeking analytical
solutions for the deformations in a solid subject to a uniform pressure distribution on the surface
remains a very difficult problem. This problem is further complicated by adding frictional
loading.
It may be noted that a similar, difficult problem entails solving for the stress fields in a body
that is subjected to fixed, sliding displacements, such as indenting with a punch. Mindlin,
Neuber, Sneddon, and Yoffe have worked on or made reference to his problem [Neuber, 1946;
Sneddon, 1946; Mindlin, 1949; Sneddon, 1965; Yoffe, 1982; Yoffe, 2001].
4.2 Elastic, Frictionless Contact (p = 0)
It was at first assumed that a soft, pad asperity is in elastic and frictionless contact with a
planar coating, as shown in Figure 4.3. The appropriate pressure distribution that exists between
the asperity and the surface is Hertzian, as shown in Figure 4.2(a). It was assumed that the
strains in both the pad asperity and the coating are small, that the radius of the contact area is
much less than the radius of curvature of the pad asperity, and that both the pad and planar
surface are homogenous and isotropic.
For the contact shown in Figure 4.3, the Hertzian equations can be used [Johnson, 1985].
The equivalent radius, R*, is defined as:
1 1 1
R* 1 -+ (4.1)R* Ri R 2
where R1 and R2 are the radii of curvature for the two bodies. Because the coating is assumed to
be planar, it has an infinite radius of curvature, and thus the equivalent radius simplifies to:
R* = Ra (4.2)
where Ra is the radius of curvature of an asperity.
The equivalent Young's modulus, E*, is defined as:
-v (4.3)
Ew , E E
where vc is the Poisson's ratio of the coating, Ec is the Young's modulus of the coating, vP is the
Poisson's ratio of the pad, and Ep is the Young's modulus of the pad. The Poisson's ratio for both
the pad and a Cu coating are about 0.3, and therefore, the equivalent modulus simplifies to:
1 1 1 (44)
E* E, E,
and E* is given as:
E* ~ ,,(E >> E(4.5)
The radius of the contact area, a, is defined as:
=3 PR*Xa = - * (4.6)
where Pa is the normal load on the asperity. Combining Eq. (4.6) with Eqs. (4.2) and (4.5):
a PRa a (4.7)
4 E,
The approach of distant points, 5, is given by:
2 -
a= --- = -9 (4.8)
R* 16 R*E*
By substituting Eqs. (4.2) and (4.5) into Eq. (4.8), 5, is given by:
(5=-=2 - r (4.9)
R 16 Ra.EP ]
The Hertzian contact pressure distribution, p, is defined as:
p = p" r1- Y (4.10)
a
where p, is the maximum pressure and r is the cylindrical coordinate. The maximum pressure
occurs at r = 0 and is given by:
3P [6 PE2 3
P0 = = - R2 (4.11)2 rea Lc Rj
The principal stresses, ozz and o-a, on the z-axis (i.e. r 0) are given by:
-= -p 1+ 2(4.12)
x9IE
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Figure 4.3: An elastic asperity in contact with a planar elastic surface.
Table 4.1: Normalized maximum shear stress and location for varying values of Poisson's ratio.
V max /Po z/a
0.1 0.36 0.41
0.2 0.33 0.45
0.3 0.31 0.48
0.4 0.29 0.51
0.5 0.27 0.55
4. W emgme-- ,
or=-Po(1+v) 1- tan + 1+ (4.13)
where z is a cylindrical coordinate. It may be noted that Eqs. (4.12) and (4.13) give the principal
stresses in both the pad and the Cu coating depending upon the value of the Poisson's ratio, v.
By using Eqs. (4.12) and (4.13), the maximum shear stress, rz, can be solved for using the
definition of maximum shear stress:
rIr =-), - ) (4.14)2
Therefore, the maximum shear stress in both the pad and the Cu coating is given by:
- + Z) 2  (1+v) (1+ v) tan-,Qa (4.15)
In order to determine the location as well as the maximum value of the maximum shear stress,
the first derivative of Eq. (4.15) must be evaluated. And, the result is given as:
d('" 24(z ( 1+ v) tan-'
PO ) 4_ a )+zn ) (1+v) (4.16)
dfl 4 +4 2 2 2
The location and the maximum value of the maximum shear stress is obtained by setting Eq.
(4.16) equal to zero and solving for z/a:
24 - (+ v)tan ' (1v)
2- ( 2 +.. ( 2  -0 (4.17)
4 (Z2+4 2 2(z (a +1I
The form of Eq. (4.17) and the presence of the inverse tangent term makes it very difficult, and
perhaps impossible to solve for z/a explicitly. Therefore, the location and the maximum value of
the maximum shear stress were solved implicitly using a numerical solution for different values
of the Poisson's ratio. Table 4.1 summarizes the normalized values and locations of the
maximum shear stress. For a Poisson's ratio of 0.3, which is the value for the pad as well as for
the Cu coating, the normalized maximum shear stress, Tmax/po, is:
max = 0.31 at -= 0.48, r = 0 (4.18)
P0  a
Figure 4.4 shows a plot of the normalized value of the maximum shear stress as a function of the
Poisson's ratio. It may be noted that the magnitude of the maximum shear stress, as well as
location, is not very sensitive to the value of Poisson's ratio. Therefore, over a fairly large range
of Poisson's ratios, and thus materials, the normalized location and the value of the maximum
shear stress will be approximately the same.
In order to determine the maximum pressure that can be applied by the pad once it is at the
onset of yielding, a yielding criterion must be used. The Tresca yield criterion for the pad
asperity is defined in terms of the maximum shear stress that the pad can withstand before
yielding, Tmaxj
V'maxp =0 Y'p (4.19)
where uy, is the yield strength of the pad. Therefore, Eqs. (4.18) and (4.19) can be used to solve
for the maximum pressure that the pad can apply at the onset of pad yielding, po, x:
psy, = Y'p = 1.6 (4.20)0.62
The factor of 1.61 in front of the yield strength of the pad may be noted. This is the correct value
based on the Poisson's ratio of the pad. However, classically, 1.5 is used as an approximation.
The correct factor of 1.61 will be used in this thesis in further calculations.
The maximum normal load that can be applied by the pad at the onset of pad yielding, Py,,
can be determined by substituting Eq. (4.11) into Eq. (4.20):
1.61; 3 R 2(4.21)
Y,p 1.82 Yp E
If it is assumed that the asperity can remain elastic to the point that the Cu coating reaches
the onset of yielding, it is possible to solve for the maximum pressure that can be applied for a
Hertzian pressure distribution by using the Tresca yield criterion for a Cu coating:
r , = 2'" (4.22)2
where rmax,c is the maximum shear stress that the Cu coating can withstand before yielding and
uye is the yield strength of the Cu coating. Because the Poisson's ratio of the pad and the Cu
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Figure 4.4: The normailized maximum shear stress as a funtion of Poisson's ratio for a Hertzian,
frictionless pressure distribution.
coating are essentially identical, Eq. (4.20) can be used for the Cu coating:
p,,, = ''Y'c =1.61c, (4.23)0.62
where po, yc is the maximum pressure that can applied by a Hertzian pressure distribution to a Cu
coating before the Cu coating begins to plastically deform. Using Eqs. (4.11) and (4.23), the
maximum normal load, Pyc, that can be applied on an elastic asperity such that the Cu coating is
about to yield is given by:
=(1.61 3 3 R 2 (.4
P ir3 3 4 (4.24)Y, c 1.2; IY'c E P2
4.3 Elastic, Low-Friction Contact (0:5 p 5 0.3)
In Section 4.2, the maximum pressure, Eqs. (4.20) and (4.23), as well as the maximum
normal loads, Eqs. (4.21) and (4.24), of Hertzian pressure distribution such that the pad and the
Cu coating are at the onset of yielding, respectively, were determined. However, it was assumed
that only normal loads were present, and that there was no friction present.
In 1983, Hamilton showed that for a surface subjected to a Hertzian pressure distribution
with low-friction, specifically a coefficient of friction, p, less than 0.3, that Eqs. (4.20), (4.21),
(4.23), and (4.24) are still valid. For a coefficient of friction less than 0.3, the location of the
maximum shear stress is still below the surface and is still approximately on the z-axis.
Furthermore, the magnitude of the maximum shear stress is essentially identical to the maximum
shear stress for when Jp = 0 [Hamilton, 1983]. Therefore, because the location and magnitude of
the maximum shear stress is essentially constant for 0 < p < 0.3, the equations from Section 4.2
are still valid.
4.4 Elastic, Friction Contact (p > 0.3)
With a Hertzian pressure distribution and friction, for large values of U, P > 0.3, the locations
of the maximum shear and maximum Mises stress are no longer below the surface. Specifically,
the maximum Mises stress moves to the surface and is at the leading edge of the area of sliding
contact [Hamilton, 1983; Sackfield and Hills, 1983]. Therefore, for Figure 4.2(b), the location of
the maximum shear stress would be on the surface, z = 0, and r = a.
The Mises stress, am, or equivalent stress, is defined as:
0M ( 2 ( )2 z xx 2 +3r+3 +3r2] (4.25)
where axx, oy,, and azz are the axial stresses and rxy, ryz , rxz are the shear stresses.
For a Hertzian pressure distribution andu > 0.3, the magnitude of the normalized maximum
Mises stress is given by:
am_ (1-2v ) 2 +( 2v 2 )uT+(1- V T 2(.6M 22 ( 4 2 6
pO 3 4 64
and the location of the maximum Mises stress is on the surface at z = 0, and r = a [Hamilton,
1983].
In order to solve for the maximum pressure, pO, YP, of a Hertzian pressure distribution with
friction present such that the pad is at the onset of yielding, it is necessary to use the Mises
criterion for the pad to yield:
CM=1Y'P (4.27)
Combining Eq. (4.27) with Eq. (4.26) and solving for the maximum pressure at pad yield:
(1-2 v, ) (1-2v,)(2-v, ) p;+ (16-4 v, + 7v,2 2 ,22 4.28
U1YI [( 3v )2( 4 64 j(.8
Thus, the maximum pressure is a function of the coefficient of friction, p, and the Poisson's ratio
of the pad, vp.
The maximum load, Pyp, that can be applied to a pad asperity such that the pad is at the onset
of yielding under a Hertzian pressure distribution with friction can be solved by combining Eqs.
(4.11) and (4.28):
;_3 3 R 1-2v,)2 (1-2v,)(2-v) + (16-4v, +7v,2 2,2 2(16- 4p 647
P =1.8+ (4.29)Y, p =T 3 UYP E P2 3 +4 +64 (.9
If it is assumed that the asperity can remain elastic to the point that the Cu coating reaches
the onset of yielding, then it is possible to solve for the maximum pressure that can be applied to
a Cu coating, po,,ce, for a Hertzian pressure distribution with friction present by using the Mises
yield criterion for a Cu coating:
U , = c7y (4.30)
By substituting Eq. (4.30) into Eq. (4.26), po, y is given by:
POY' =07,C(1 -2 v,) 2 +(1-2 v,)(2-v,)p; ( 16-4 v, +7v, 2)P2 T2 -2(.1
o,Y,c Y,c 64(4.31)
And, by using Eqs. (4.11) and (4.31), the maximum load, Py, that can be applied to an elastic
asperity so that the Cu coating is at the onset of yielding for a Hertzian pressure distribution with
friction present can be expressed as:
R3 3R 2  (1-2 vC )2 (1-2v)(2-v) upT (16-4 vc +7v2),p2ff2 (.2
Y,c 1.823 Yc E2 3 4 + 64
The solid lines in Figure 4.5 are Eqs. (4.20), (4.28), (4.23), and (4.31) plotted for a pad and
Cu coating for 0 < p < 1.0. The lines represent the transition of the pad, or Cu coating, from
elastic to plastic deformation. Therefore, for a given coefficient of friction, if the maximum
applied pressure is less than the line for the Cu coating, then the Cu coating will deform
elastically, and no scratching will take place. However, if the maximum applied pressure is
greater than the line for the Cu coating, then scratching will take place. Therefore, Figure 4.5
acts like a map and the lines represent boundaries of the regions in which scratching or no
scratching will take place. Depending upon which region the combination of a specific value of
p and pressure are in, it can be readily determined if the Cu coating will yield. Similarly, the
same can be done for the regions that are created by the line for the pad. Depending upon which
region the combination of a specific value of p and applied maximum pressure are in, it can be
readily determined if the pad will yield.
As shown, for both the pad and Cu coating, for p > 0.3, the maximum pressure necessary for
either the pad or Cu to yield decreases as p increases. For as the severity of friction increases,
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Figure 4.5: Maximum pressure for a Hertzian pressure distribution with friction as a function of
the coeffcient of friction when the pad and Cu coating are at the onset of yielding.
the location of yielding moves to the surface and the magnitude of pressure that is required to
initiate yielding should decrease.
It is also important to note that the pressure required to yield Cu is more than an order of
magnitude greater than the pressure required to yield the pad. Therefore, it is not practical to
assume that the Cu coating will yield due to a Hertzian pressure distribution alone. The reason
for this is that before the Cu comes close to yield, the applied pressure distribution will no longer
be Hertzian because the pad will have deformed elastic-plastically.
The lines in Figure 4.6 represent Eqs. (4.21) and (4.29) plotted for different asperity radii of
curvatures and for 0 < p < 1.0. This figure also acts like a map and the regions bounded by the
lines determine whether the pad asperity will deform plastically or elastically depending on
whether the combination of p, Ra, and the applied load are above or below the respective
boundary. As the asperity radius of curvature increases, larger and larger loads are required to
plastically deform an asperity. Therefore, for a given applied load, by increasing the asperity
radius of curvature, it is possible to force the pad asperity to deform elastically, instead of
plastically.
The lines in Figure 4.7 represent Eqs. (4.24) and (4.32) plotted for different asperity radii of
curvatures and for 0 < p < 1.0. This figure also acts like a map and the regions bounded by the
lines determine whether the Cu coating will yield plastically or elastically depending on whether
the combination of p, Ra, and the applied load are above or below the respective line. This
assumes that the asperity deforms elastically and therefore a Hertzian pressure distribution
results at the contact area. If so, once again, as the asperity radius of curvature increases, larger
and larger loads are required to induce scratching on the Cu coating. Therefore, for a given
applied load, by increasing the asperity radius of curvature, it is possible to prevent scratching of
the Cu coating. The magnitude of the loads should be compared in Figure 4.6 and 4.7. Loads on
the order of micro-Newtons and milli-Newtons are required to initiate plastic deformation of the
pad asperity, where as loads on the order of Newtons are required to initiate scratching on the Cu
coating. This assumes that the pad asperity deforms elastically while in contact with the Cu
coating, which it does not. In order for the Cu to yield, the pad asperity will most likely deform
plastically.
The important equations for determining the maximum pressure that can be applied to a pad
asperity and Cu coating in contact with a Hertzian pressure distribution can be summarized:
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Figure 4.6: Maximum normal load at the onset of pad yielding as a function of the asperity radius
of curvature and the coeffcient of friction.
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Figure 4.7: Maximum normal load at the onset of Cu scratching as a function of the pad asperity
radius of cruvature and the coeffcient of friction for Hertzian contact pressure.
Pad at the onset of yielding:
POP= 1.61 ,0! (O !p 0.3) (4.33)
_____ 
(1-2 v )2 1-2vp)(2-vP picT (16-4 vp + 7v 2 )U2;T2 .2
oY'p - 3 + 4 + 64 j_ 0 (4.34)
Coating at the onset of yielding:
Po,Y,c 1.61 (sp 0.3) (4.35)
UY,c
PoY'c (-vc) 2 c2,(-v); c6 c, + 7vc2 2 p;2 
2
- (-2~2+ (I-v)2-~~z + ((p47v2 ! ]2 ( 0.3) (4.36)
oy, L 3 4 64
Equations (4.33), (4.34), (4.35), and (4.36) are plotted in Figure 4.8. The lines for the pad and
for the Cu coating are essentially the same because the maximum pressure has been normalized
by the respective yield strength of the material. The only difference in the lines is due to the
slight difference in the Poisson's ratio. It can be seen in Figure 4.8 that when p = 1.0, the
magnitude of maximum pressure that is required to yield the pad or Cu coating is less than half
of the maximum pressure needed for when p = 0.
The summary equations which determine the maximum normalized value of pressure for
scratching to take place on the Cu coating, Eqs. (4.35) and (4.36), are valid only when the Cu
coating is subjected to a Hertzian pressure distribution. As has been shown, the pad limits the
amount of pressure that can be applied to the coating before the pad yields, and thus deforms
elastic-plastically, and changes the contact pressure distribution as a result. Therefore, the
maximum pressure that can be applied such that the contact pressure distribution remains
Hertzian is not arbitrary, instead it is determined by Eq. (4.20). Therefore, the maximum value
of po,yc that can ever be applied in order to ensure a Hertzian pressure distribution is about
1.5(ay,p). Any increment of pressure greater than this will result in a contact pressure distribution
that is non-Hertzian.
Equations (4.35) and (4.36) can be further modified by using the definition of hardness:
H
UY,, = (4.37)
where H, is the hardness of the pad and
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Figure 4.8: Normalized maximum Hertz pressure at the onset of yielding.
0-,, -- H (4.38)3
where He is the hardness of the Cu coating.
Therefore, the summary equations which govern the scratching of a Cu coating for a Hertzian
pressure distribution are given by:
=1.0 , (0 p : 0.3) (4.39)
H
H 2 (1-2v)2 (1-2v)(2-vppw (16-4v+7v'p2),T2 2
-P- - _+ +(,1p6 0.3) (4.40)
He 3 3 4 64
Equations (4.39) and (4.40) are valid for a Hertzian contact pressure distribution when the pad is
at the onset of yielding. In this case, it is possible to determine if a Cu coating will be scratched
based upon the hardness of the coating, the hardness of the pad, and the coefficient of fiction at
the interface of the pad and coating. It is also a function of the Poisson's ratio, but it has been
shown that there is a very weak dependence on the value of the Poisson's ratio.
4.5 Elastic-Plastic Contact
As the load on the pad asperity is increased beyond the onset of yielding in the pad asperity,
the normal pressure distribution is no longer Hertzian. The contact radius increases and the
pressure distribution begins to flatten out, as shown in Figure 4.2(c), and the plastically deformed
region in the asperity expands. The stress analysis of this case is quite complex. In order to
know the contact pressure distribution, a full-fledged elastic-plastic finite element analysis must
be conducted [Kendall and Tabor, 1971; Zhao et al., 2000; Vu-Quoc et al., 2001; Kogut and
Etsion, 2002; Ma et al., 2002; Kogut and Etsion, 2003; Etsion et al., 2005; Jackson and Green,
2005; Kadin et al., 2006]. Once the contact pressure distribution is known, the stresses in the
coating can be calculated by elastic analysis. Even this analysis is complicated because the
pressure distribution may not be a simple analytical function. The analysis is further
complicated if friction is present while the pad deforms elastic-plastically, Figure 4.2(d).
Fortunately, scratching due to this mode of loading need not be analyzed because this is not the
most severe case of loading. The most severe case of loading occurs when the pad asperity
deforms fully-plastically and the contact pressure distribution is uniform in the contact area.
4.6 Fully-Plastic, Frictionless Contact (p = 0)
The most severe case of loading occurs when the pad asperity deforms fully-plastically and
the contact pressure distribution is uniform in the contact area, Figure 4.2(e). After the pressure
has increased past the point of pad yielding, the pressure distribution transitions from Hertzian to
a flatter, wider contact pressure distribution. If the pressure continues to increase, the pad will
start to deform fully-plastically and the pressure distribution will be uniform [Nagaraj, 1984;
Stronge, 2000]. The magnitude of the pressure, which is uniform in this case, is equal to the
hardness of the pad material, H,, or 30-,p [Stronge, 2000]. When the pad is at the onset of
yielding and the distribution is Hertzian, the maximum pressure is approximately 1.50yp.
Furthermore, this maximum only occurs at r = 0. Thus for the uniform pressure distribution, the
maximum pressure is twice that of the maximum pressure for the Hertzian distribution at the
onset of asperity yielding.
It was first assumed that the pad deforms fully-plastically in the absence of friction. In this
case, the contact pressure distribution is uniform as shown in Figure 4.2(e). When friction is not
present, the principal stresses, ozz and orr, on the z-axis (i.e. r = 0) in the Cu coating are given by
[Johnson, 1985]:
3
U PrI(a1 2 +z2)2 (4.41)
arr = -p( 12v 1 + (4.42)
"2 a 2+ Z2)Y 2 (a2 +z'2)Y
By using Eqs.(4.41) and (4.42), the maximum shear stress, r,, can be solved for using the
definition of maximum shear stress:
1
To2 = -(res is:(4 .4 3 )
Therefore, the normalized maximum shear stress is:
(1+v )j 3(z)1+ 2v _ _aa4 44
rz- K1 21- + 'v;(4.44)
p, 2 2 /+() 2% 21 Z2 2
1 21+c
In order to determine the location, as well as the maximum value of the maximum shear stress,
the first derivative of Eq. (4.44) must be evaluated. The result is given as:
d 2.25( 2.25 + (1+v ) + (I+v) (4.45)
z Y2  2 132 KO+D2 ±113
da+ +1 -+1
The location of the maximum value of the maximum shear stress is obtained by setting Eq.
(4.45) equal to zero and solving for z/a:
2.25 (z 2.25 z1 2+ ve ) 1 I+v V)a _ a 2 a + 2 =0 (4.46)
2_ _ % __ 2__%__ 2 C%
12 +1132 KC)2 ±1132 KC)2 +11
(a) a) a)
Similar to the Hertzian pressure distribution case, it is very difficult to solve Eq. (4.46) for z/a
explicitly. Therefore, the location and the maximum value of the maximum shear stress are
solved for implicitly using a numerical solution. The numerical solution provides:
=max 0.325 at Z = 0.649, r = 0 (vC = 0.33) (4.47)
P0  a
The location of the maximum shear stress for a frictionless, uniform pressure distribution is
0.65a. This can be compared with the location of the maximum shear stress for a frictionless,
Hertzian pressure distribution, which is 0.48a. Therefore, even if the contact areas were equal
for the Hertzian and uniform pressure distributions, the location of the maximum shear stress
would be further below the surface for a uniform pressure distribution than for a Hertzian
pressure distribution. Practically, the radius of the contact area for the uniform pressure
distribution will be larger than the radius of the contact area for a Hertzian pressure distribution,
so the location of initial Cu yielding will always be further below the surface for a frictionless,
uniform distribution than for a frictionless, Hertzian distribution. Furthermore, the normalized
maximum value of the maximum shear stress is larger for the uniform distribution as is to be
expected.
In order to solve for the maximum pressure that can be applied for a uniform pressure
distribution, Po,yc, such that the Cu coating is at the onset of yielding, it is necessary to use a
yield criterion. The Tresca yield criterion for a Cu coating is given Eq. (4.22). The yield
criterion can be combined with Eq. (4.47) to give:
p =y - Y''c -1.54uy, (4.48)0.65
Equation (4.48) can be normalized with respect to the yield strength of the Cu coating:
= 1.54 (4.49)
UY,c
Thus the normalized maximum pressure that initiates yielding in the Cu coating is less for the
uniform pressure distribution than for the Hertzian distribution. This is intuitively obvious since
the uniform pressure distribution has the maximum value of pressure everywhere in the contact
area.
4.7 Fully-Plastic, Friction Contact (p > 0)
In Section 4.6, the maximum pressure that could be applied for a uniform pressure
distribution such that the Cu coating is at the onset of yielding was determined, Eq. (4.49).
However, it was assumed that only normal loads were present, and that the contact was
frictionless. Practically, the pad asperity deforms fully-plastically and there is friction present.
Therefore, the pressure distribution that should be analyzed is the uniform pressure distribution
with friction, as shown in Figure 4.2(f). This is a very difficult boundary-value problem to
analyze. Two different methods will be outlined on how to determine the stress fields in a body
that is in contact with a uniform pressure distribution with friction present, but only one of the
methods will be used to solve this problem. The first method is an analytical/numerical analysis
approach and it is presented in Appendix D. The problem will only be formulated in terms of
this method. The second method is to formulate the problem and then solve it using a finite-
element analysis approach. In this section, the problem will be solved using this method.
There are a few steps that every finite element procedure must have. First, the geometry of
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the body must be defined. Second, the boundary conditions of the body must be defined,
including the surface stresses. Third, the body must be properly subdivided into a mesh such that
the entire body is divided into finite elements. Fourth, the material properties of the body, such
as the Young's modulus and Poisson's ratio, must be entered. Once these major inputs and
decisions have been made, the finite element program can solve for the stress field.
Figure 4.9 shows an example of the procedure that was used for this finite element analysis.
An FEA program, ADINA, was used to conduct the analysis. ADINA was used to analyze a
cube with a characteristic length of 10. The cube had a uniform pressure distribution of
magnitude po applied to the center of one of its surfaces. The uniform pressure distribution was
contained in a circular contact region of characteristic radius 1. Therefore every point on the
circumference of the circular contact region was a characteristic distance of 4 away from the
edge of the cube. The relative sizes of the cube and contact region were determined by Saint-
Venant's principle. Therefore, the edges were located sufficiently far away from the contact
region such that an accurate stress field was produced. In order to increase the efficiency for the
FEA solution, the body was cut in half such that both the body and the contact region were
perfectly split into equal parts. By eliminating half of the volume of the body, the solution can
be reached must faster. The boundary conditions can then be selected such that it is as if the full
cube is still present. Figure 4.9 shows the geometry of the half-cube and half of the contact
region. After the geometry was determined, the boundary conditions were selected.
The boundary condition for the semi-circular contact region on the top of the half-cube was a
uniform stress distribution with a friction component. This was the only boundary condition
applied to the top of the half-cube. The boundary condition for the bottom of the half-cube was
zero displacement in all directions. This ensured that the half-cube was fixed in space. The
boundary condition for the remaining four faces of the half-cube, i.e. the front, back, left and
right faces, was zero displacement in the respective normal direction.
It may be noted that other than the uniform pressure boundary condition, the other boundary
conditions did not have a significant effect in the FEA. The faces of the half-cube were located
far enough away from the contact area of the uniform pressure distribution so that the fixed
displacement boundary conditions were not significant.
After prescribing the boundary conditions, it was necessary to create the mesh. After some
preliminary analyses, it was decided that an appropriate mesh should have 5 elements per unit
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Figure 4.9: Procedure for the Finite Element Analysis (FEA).
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Geometry
length in the area below the contact region and 10 nodes per element. The element mesh can be
seen in Figure 4.9.
An elastic analysis was conducted by the FEA. Therefore, the elastic properties of Cu were
used. The Young's modulus of Cu is 128 GPa and the Poisson's ratio of Cu is 0.33. It was not
necessary to use the yield strength or hardness of Cu because it was assumed that the Cu deforms
elastically. An example of an elastic stress field is shown in Figure 4.9. Conducting an elastic
FEA is consistent with the previous sections of this thesis in that the FEA is used to determine
the location and value of the maximum Mises stress. In order to determine the maximum value
of uniform pressure that the Cu can withstand before yielding, the maximum Mises stress is then
equated to the yield strength of Cu.
Figure 4.10 shows the subsurface Mises stress fields in the Cu cube for 0 U < 1.0. Figure
4.11 shows the subsurface maximum shear stress fields. For each value of p, a different FEA
trial needed to run because as p changes, the surface stress boundary condition changes. For
each of the cases shown in Figures 4.10 and 4.11, the magnitude of the normal pressure was 10.
To incorporate the effect of friction, tangential stress tractions were added. Therefore, for the
case where p = 0.6, the circular contact region experienced a normal uniform pressure of 10 and
a tangential uniform pressure of 6. The tangential pressure was applied from left to right, and for
each of the trials the mesh was unchanged. The FEA matrices were solved using a 2.4 GHz,
Intel Pentium 4 processor with 1.0 GB of RAM. Each of the trials took approximately 4 hours to
complete.
As shown in Figures 4.10 and 4.11, when p 0, the stress field in the Cu block is
axisymmetric, about the z-axis. This was to be expected from the closed-form solution in
Section 4.6. Furthermore, the stress field shows that the maximum Mises stress as well as shear
stress are in fact below the surface and on the z-axis, which is consistent with the results from
Section 4.6. As shown in Figures 4.10 and 4.11, when p = 0.2 the location of the maximum
Mises stress and maximum shear stress is located on the surface of the Cu coating at the leading
edge of the contact region, specifically at r = a, z= 0. This is a different result from the Hertzian
pressure distribution. For the Hertzian pressure distribution, the location of the maximum shear
stress was below the surface for p < 0.3. For the uniform pressure distribution, when p = 0.2 the
location of the maximum Mises stress has already moved to the surface. It is also important to
note how the stress field evolves as p increases to p = 1.0. Once p= 1.0, the subsurface stresses
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Figure 4.10: Subsurface Mises stress for Cu under uniform pressure distribution.
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Figure 4.11: Subsurface maximum shear stress for Cu under uniform pressure distribution.
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are fairly large near the surface of the contact. Furthermore, the stresses remain fairly large near
the surface even outside the contact region. For r = 1.5a, z = 0, the stresses are still fairly large.
It is also clear that under the leading edge of the pressure distribution, the stresses concentrate
closer to the surface than under the trailing edge of the contact region where the stresses are less
concentrated.
Figure 4.12 and 4.13 show the surface Mises stress field and surface maximum shear stress
field, respectively. For p > 0, the surface stress fields are not symmetric, which should be the
case since the tangential pressures are applied from left to right. Figures 4.12 and 4.13 further
validate that once p = 0.2, the location of the maximum Mises stress and maximum shear stress
are located on the surface of the Cu coating at the leading edge of the contact region, specifically
at r = a, z = 0. The figures further show that the stresses do remain fairly large on the surface in
an area larger than the contact region. For r = 1.5a, the stresses are still fairly large.
Furthermore, the surface stresses are the largest on the circumference of the contact region, i.e. r
= a, where the uniform pressure distribution abruptly transitions from po to zero. Figures 4.12
and 4.13 also clearly illustrate that the mesh is finer in the contact region, which is the region of
interest as compared to the rest of the Cu area.
A summary of the important finite element analysis results is contained in Table 4.2. The
first column shows the coefficients of friction in the range from 0 to 1.0 at increments of 0.2.
The second column is the normalized maximum value of the maximum shear stress for each
case. The third column is the normalized maximum value of the Mises stress for each case.
Because an elastic analysis was conducted, the maximum stresses in the Cu can be normalized
with respect to the applied pressure, po, and then scaled to different values of applied pressure.
The fourth column is the difference between the Tresca and Mises yield criterion as a fraction of
the Mises criterion. As shown, for all cases, the difference between the Tresca and Mises criteria
never exceeds 13%, for the Tresca and Mises criteria do not differ by more than 15%.
Figure 4.14 shows a plot of the normalized maximum shear stress and normalized maximum
Mises stress as a function of the coefficient of friction. As shown, the maximum normalized
Mises stress for when p = 1.0 is about four times larger than that for = 0. The same result is
valid for the maximum normalized shear stress.
FEA can only be performed for a small number of values of p, but ideally it should be
possible to obtain the maximum normalized Mises stress as a continuous function of p.
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Figure 4.12: Surface Mises stress for Cu under uniform pressure distribution.
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Figure 4.13: Surface maximum shear stress for Cu under uniform pressure distribution.
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Table 4.2: Uniform pressure distribution finite element anlysis summary.
p Tmax/Po aM 7Po (2 ,max~UM )UM
0.0 0.412 0.750 0.10
0.2 0.527 0.931 0.13
0.4 0.784 1.396 0.12
0.6 1.069 1.911 0.12
0.8 1.365 2.445 0.12
1.0 1.666 2.987 0.12
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.2 0.4 0.6 0.8 1.0
Figure 4.14: Uniform pressure distribution finite element analysis summary.
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Therefore, based on the FEA results, a regression can be made for the range: 0.2 < p < 1.0. The
reason that p = 0 is not in the range is that it represents a different location of yielding:
subsurface. The goal is to develop an equation similar to Eq. (4.26) for the Hertzian pressure
distribution. By limiting the range of p to: 0.2 <,u 1.0, only the surface yielding behavior will
be captured by the regression, which is the same behavior that was captured by Hamilton for the
Hertzian pressure distribution. It is based on the assumption that the appropriate function would
have the same polynomial form as the function for the Hertzian pressure distribution in Eq.
(4.26). Therefore, the appropriate regression is a second order polynomial on (aM/p0 ) 2 vs. Pu.
Figure 4.15 shows the data points from the FEA as well as the second-order polynomial
regression. For reference, Eq. (4.26) has also been plotted. It may be noted that the regression is
a perfect fit for the five data points, R = 1. It is not guaranteed that a second-order polynomial
would perfectly pass through five different points, therefore this suggests that the choice of using
a second-order polynomial for (aUM/p) 2 vs. u was a correct choice.
From the second-order polynomial regression, the magnitude of the normalized maximum
Mises stress is given by:
=[0.405+0.755p+7.763p (4.50)Po
The Poisson's ratio is not an explicit variable in Eq. (4.50). The reason for this is that the
FEA required that the Poisson's ratio be used during the elastic analysis. Therefore, Eq. (4.50) is
valid for v = 0.33. However, as was shown in Section 4.2, Mises stress is only weakly dependent
on the Poisson's ratio. For comparison, Eq. (4.26) is the corresponding equation for the Hertzian
pressure distribution, and when v = 0.33, Eq. (4.26) takes the form:
M =[0.039+0.446u+2.381p (4.51)
Po
Therefore, for a uniform pressure distribution and a Hertzian pressure distribution, Eqs.
(4.50) and (4.51), respectively, provide the functional dependence of the maximum normalized
Mises stress on the coefficient of friction.
However, Eq. (4.50) is not valid for the case p = 0. The analytical results provided by Eq.
(4.49) could be used, or the results of the FEA for whenp = 0 can be used. The FEA result for
the case where p = 0 is:
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Figure 4.15: Second-order polynomial regression of the FEA results for a uniform pressure
distribution. The Hertzian pressure distribution results have also been plotted.
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-" =0.75 (4.52)
P0
As was done in Section 4.4, in order to determine the maximum pressure that a Cu coating
can withstand for a uniform pressure distribution such that it is at the onset of yielding, it is
necessary to substitute the Mises yield criterion for Cu, Eq. (4.30), into Eq.(4.52). In which case,
Po,yc/Oye is given as:
Po,Y,c =1.33 , (0O!yp !O.1) (4.53)
UY,c
Equation (4.53) is valid for values of p close to zero, i.e., p <- 0.1. In order to determine
po,yc/ayc for larger values of p, it is necessary to substitute the Mises yield criterion into Eq.
(4.50), in which case, Po, Yc/aYc is given as:
PyC = [0.405 + 0. 7 5 5 p + 7.763p'] 2 , (p > 0.1) (4.54)
Figure 4.16 shows the maximum normalized pressure that a Cu coating can withstand for a
uniform pressure distribution, Eqs. (4.53) and (4.54), as well as a Hertzian pressure distribution,
Eqs. (4.35) and (4.36), such that it is at the onset of yielding. It is clear from Figure 4.16, that
for a given pressure, scratching of the coating surface takes place at lower friction for a uniform
pressure distribution than for a Hertzian pressure distribution. Figure 4.16 may be thought of as
a map where the lines delineate scratching and no scratching regions. Every point in the
normalized pressure-friction coefficient space represents whether scratching occurs or not.
Depending upon whether a uniform pressure distribution or Hertzian pressure distribution was
used to apply the pressure, the corresponding line should be used to determine whether
scratching will take place or not. Scratching will not occur if the operating point is below the
appropriate boundary. However, scratching will occur if the operating point is above the
boundary. Figure 4.16 is important because it can be used for any material that has a Poisson's
ratio similar to that of Cu and a similar Young's modulus to Cu. Those are the only limitations
of Figure 4.16 because the pressure is normalized with yield strength of the material. Therefore,
for a metal similar to Cu, Figure 4.16 can be used to determine if scratching of the metal will
occur.
It is possible to convert Eqs. (4.53) and (4.54) such that po,yc/OUc is replaced with the
hardness of the pad and coating. The uniform pressure distribution is created because the pad
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Figure 4.16: The FEA uniform pressure distribution results and the Hertzian pressure distribution
results plotted.
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asperity deforms fully-plastically. In which case, it is possible to determine the maximum value
for the pressure. The maximum pressure that the pad can transmit to the coating at the
pad/coating interface is three times the pad yield strength, 3yp, which is equal to the pad
hardness, H, [Stronge, 2000]. Therefore, substitutingp, = 3ay, and ay = He/3 into Eqs. (4.53)
and (4.54), gives:
H
HH
= -[0.405+0.755u +7.763P2 12 , (p , 0.1) (4.56)
H 3
It has been experimentally demonstrated that it is possible for the hardness of a material to
exceed three times the yield strength [Tabor 1956; Jayaweera et al., 2003; Bushby et al., 2004].
Therefore, if it is assumed that the maximum pressure that the pad can transmit is equal to four
times the yield strength, p, = 4ay,, then Eqs. (4.53) and (4.54) give:
H, = 0.34 , (0O ,p O.1) (4.57)
H 1 21
=-[0.405+0.755,p+7.763p P 2  , (P 0.1) (4.58)
H 4
Figure 4.17 shows a plot of the ratio of the pad hardness to the coating hardness versus the
coefficient of friction. Equations (4.39) and (4.40) have been plotted for the Hertzian pressure
distribution, Eqs. (4.55) and (4.56) have been plotted for the uniform pressure distribution when
p = 3uyp, and Eqs. (4.57) and (4.58) have been plotted for the uniform pressure distribution
when p, = 4ayp. Figure 4.17 is very important because it is able to determine whether or not
scratching will occur based upon the coefficient of friction, the pad hardness and the coating
hardness. Figure 4.17 acts as a map and the lines acts as the boundaries that separate scratching
and no-scratching regions. The way to utilize Figure 4.17 properly is to find the point on the
map where the experimental friction and the ratio of pad hardness to coating hardness is located.
Then, depending upon whether the pad asperities deformed elastically or fully-plastically, it is
necessary to use the appropriate line for the Hertzian or uniform pressure distribution,
respectively. If the experimental point is located below the corresponding curve, then scratching
will not occur because the coating will not yield. If the experimental point is located above the
corresponding curve, then scratching may occur.
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Figure 4.17: The regimes of scratching for Hertzian and uniform pressure distributions, based on
the ratio of pad hardness to coating hardness and the coefficient of friction.
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Another aspect that makes Figure 4.17 so valuable is that it can be used for any pad and any
coating. The only assumptions that are contained in Figure 4.17 are that the coating has a
Poisson's ratio of about 0.33, that the pad has a Poisson's ratio of 0.3, and that the coating has a
Young's modulus of 128 GPa. It has been shown that the effect of different Poisson's ratios is
insignificant. Therefore, the only real limitation to Figure 4.17 is that the coating needs to have a
modulus of about 128 GPa. For most common metals, the modulus is on the same order of
magnitude as 128 GPa, but the curves may need to be slightly redrawn for a large change in
coating modulus. The curves in Figure 4.17 were drawn specially for Cu, so it can be directly
used for analyzing pad scratching during CuCMP. Figure 4.17 can also be used to determine
regions of scratching by pad asperities on Cu that has been exposed to hydrogen peroxide.
Appendix E presents the effect of hydrogen peroxide on the hardness of Cu. The curves in
Figure 4.17 are unchanged, only the ratio of pad to Cu hardness changes as a result of exposing
Cu to hydrogen peroxide.
The previous FEA assumed that the Cu exists as a bulk material and not as a coating on a Si
or SiO 2 substrate. Therefore, it is necessary to determine if the substrate has any effect on the
results.
4.8 Thin-Film Analysis of the Uniform Pressure Distribution
In Section 4.7, it was assumed that the Cu was in bulk form, not as a thin coating on a Si or
Si0 2 substrate. In order to determine if the substrates have an effect on the FEA analysis, three
more FEA simulations were conducted. For all the simulations, it was assumed that the
coefficient of friction was 0.6. The first simulation was of bulk Cu, the second was of a thin
layer of Cu on a Si substrate and the third was of a thin layer of Cu on a Si0 2 substrate. For the
simulations of layered media, the depth of the Cu layer had a length of 1 unit, which would mean
that the thickness of the Cu coating was the same order of magnitude as the radius of the contact
area. This is a very practical and reasonable assumption for an asperity in contact with a Cu
coating during CMP. The boundary conditions were the same as for the previous simulations.
The material properties, i.e. the Poisson's ratio and Young's modulus for each of the materials
were used for each simulation. Table 4.3 summarizes the material properties. The mesh was
finer to ensure that enough elements were present in the Cu layer below the contact region, since
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that was the region of interest. The finer mesh had 10 elements per unit length in the area below
the contact region and 4 nodes per element. This mesh was twice as dense as the previous mesh.
The simulations were originally run on the same processor, i.e. a 2.4 GHz, Intel Pentium 4
processor with 1.0 GB of RAM. However, this processor is a single-core, 32-bit processor with
a relatively small amount of RAM available and so the simulations failed to execute. Therefore,
the simulations were carried out using a different, more powerful processor. A multi-core, 64-bit,
2.67 GHz, Intel Core i7 processor was used with 6 GB of RAM. On this processor, each
simulation took approximately 15 minutes to complete.
The resulting subsurface and surface stress fields are shown in Figure 4.18 for the three
simulations. Table 4.3 contains a summary of the maximum normalized Mises stress for each of
the FEA trials. As can be seen in Figure 4.18, the stress fields for when Cu is present in bulk or
for when Cu is present on an Si or SiO 2 substrate, are essentially identical. Furthermore, the
maximum normalized Mises stress is essentially identical for all three cases as well. Therefore,
the FEA in Section 4.7 is justified. These results were to be expected because an elastic analysis
was used in the FEA analysis. And, as shown in Table 4.3, the Young's modulus and Poisson's
ratio for Cu, Si, and Si0 2 are all very similar. Therefore, during the FEA analysis, the Cu/Si and
Cu/Si0 2 geometry has the same stress field as the bulk Cu geometry. Furthermore, FEA
analyses conducted by researchers for other applications have shown that the stress fields for thin
film FEA only differs from the stress fields of bulk FEA if the Young's moduli of the thin film
and bulk material differ by a factor of three [King and O'Sullivan, 1987; Bhattacharya and Nix,
1988; O'Sullivan and King, 1988; Stephens et al., 2000; Liu and Wang, 2002; Xia et al., 2007].
And, for the case of Cu/Si and Cu/Si0 2, the Young's moduli of the thin film and the substrate are
essentially the same.
Another point to note is that the maximum normalized Mises stress for the bulk Cu with p =
0.6 for this FEA analysis has a value of 2.16, whereas the maximum normalized Mises stress for
the bulk Cu with p = 0.6 for the FEA analysis presented in Section 4.7 has a value of 1.91. The
reason for the difference is that the mesh for the present analysis was twice as dense as the mesh
for the previous analysis. By doubling the mesh density, the value for the normalized maximum
Mises stress changed by about 11%. Considering that the answer only changed by 11% when
the mesh was doubled is fairly good.
Therefore, Figure 4.17 is an adequate map even for thin-film Cu on a Si or SiO2 substrate.
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Table 4.3: Summary of the uniform pressure distribution FEA on thin-film Cu.
p Coating Substrate Coating E (GPa) Substrate E (GPa) Coating v (GPa) Substrate v (GPa) UMPo
0.6 Cu Cu 128 128 0.33 0.33 2.16
0.6 Cu Si 128 127 0.33 0.28 2.16
0.6 Cu SiO 2 128 92 0.33 0.24 2.15
Subsurface Mises Stress Surface Mises Stress
u= 0.6 Cu
= 0.6 Cu/Si
p = 0.6 Cu/SiO 2
Figure 4.18: Thin-film FEA analysis. Subsurface and surface Mises stresses are shown.
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Figure 4.17 can determine whether or not scratching will occur based on the ratio of pad
hardness to coating hardness, the coefficient of friction, and the shape of the pressure distribution.
The shape of the pressure distribution is determined based on the type of deformation that the
pad experiences, either elastic at the onset of yielding, Hertzian, or fully-plastic, uniform. The
dominant variable that determines whether the asperity deforms elastically or fully-plastically is
the asperity radius of curvature. Therefore, the remaining task is to relate the asperity radius of
curvature to the pressure distributions. Chapter 5 presents the effect of the pad asperity radius of
curvature.
4.9 Summary
In this chapter, scratching of a hard material by a soft material was modeled. For the
purposes of analyzing CMP, scratching of Cu by the soft pad was modeled. First, it was
assumed that the pad asperities deform elastically. As a result, a Hertzian pressure distribution in
contact with a Cu coating was modeled with and without friction. The maximum pressure that
can be applied before the coating yields was determined. Then, it was assumed that the pad
asperities deform fully-plastically. As a result, a uniform pressure distribution in contact with a
Cu coating was modeled with and without friction. The friction analysis for the uniform pressure
distribution required the FEA method to solve for the maximum pressure that can be applied by
the pad before the Cu coating initiates yielding. It was then confirmed that the results of the
FEA analysis are valid for a thin-film Cu coating. The maximum pressure that can be applied by
the pad was then related to the pad hardness. As a result, relations between the pad hardness,
coating hardness, coefficient of friction, and type of asperity deformation were presented. The
relations determine whether or not scratching will take place on the coating surface due to the
pad asperities.
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Nomenclature
a = contact semi-width between pad asperity and coating (in)
aYa= contact semi-width for an asperity at yield (in)
E* = equivalent Young's modulus (N/m2)
E = Young's modulus of a coating (N/m2)
E, = Young's modulus of a pad (N/m2)
He = hardness of a coating (N/m2)
H, = hardness of a pad (N/m2)
h= thickness of a coating (m)
P, = normal load on an asperity (N)
P,c = yield load for a coating (N)
Pr,, = yield load for a pad (N)
P = pressure (N/m 2)
P0 = maximum pressure (N/m 2)
Po,rc = maximum pressure for a coating to yield (N/m 2)
poIr,, = maximum pressure for a pad to yield (N/m2)
R* = equivalent radius (m)
RIR 2 = radii of curvature of two bodies in contact (in)
Ra =radius of curvature of a pad asperity (m)
r, z = cylindrical coordinates
v = velocity of a pad (m/s)
X, y, z = Cartesian coordinates
t = depth of indentation (in)
P = coefficient of friction
v = Poisson's ratio
ve = Poisson's ratio of a coating
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vP = Poisson's ratio of a pad
-7 = Mises stress (N/m2)
,= axial stress (N/m 2)
c= axial stress (N/m 2)
0Y,c = yield strength of a coating (N/m2)
07y, = yield strength of a pad (N/m 2)
0, = axial stress (N/m 2)
C22 = axial stress (N/m 2)
max =maximum shear stress (N/m2)
Vmac = maximum shear stress in a coating (N/m2)
rmax, =maximum shear stress in a pad (N/m2)
Vr = shear stress (N/m 2)
TX, = shear stress (N/m 2)
= shear stress (N/m 2)
= shear stress (N/m 2)
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CHAPTER 5
SCRATCHING BY PAD: THE EFFECT OF SURFACE TOPOGRAPHY
5.1 Introduction
In Chapter 4, a hard material scratched by a soft material was modeled. Relations between
the ratio of pad-to-coating hardness, coefficient of friction, and type of asperity deformation
were presented. And, those relations determined whether or not scratching will take place on the
coating surface. However, the effect of the pad topography, specifically the asperity radius of
curvature, was not taken into account in the models presented. In order to use the models of
Chapter 4, it must be known if the pad asperities deform elastically and at the onset of yielding,
or fully-plastically. The goal of this chapter is to relate the asperity radius of curvature to the
type of asperity deformation. Once completed, relations between the ratio of pad-to-coating
hardness, coefficient of friction, and asperity radius of curvature can be used to determine
whether or not scratching will take place on the coating surface.
5.2 Single Asperity Contact
In order to determine the effect of asperity radius of curvature on scratching, it was first
assumed that a single asperity is in contact with a thin-film coating, as shown in Figure 5.1. It
was assumed that the asperity/coating contact is frictionless, and it was further assumed that the
pad deforms elastically and is at the onset of yielding. If the asperity is at the onset of yielding,
the location of the maximum shear stress in the Cu coating when the asperity yields, zya, is given
in Eq. (4.18) and is:
zya = 0.48aYa (5.1)
where aya is the radius of the contact area when the pad asperity is at the onset of yielding.
As shown in Figure 5.1, the thickness of the Cu coating is given as he. Therefore, if ZYa> he,
the location of the maximum shear stress will be in the substrate and not in the Cu coating.
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Figure 5.1: Hertzian pressure distribution for a single asperity in contact with a Cu coating.
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Therefore, if the given criteria are satisfied, then the Cu should not yield. Equations (4.7) and
(4.21) can be combined to give aYa:
Y a R (5.2)
Ya 4 E,
where H, is the hardness of the pad, Ep is the Young's modulus of the pad, and Ra is the radius of
curvature of a pad asperity. The factor 1.61 in Eq. (4.21) was approximated to be 1.5 in order to
obtain Eq. (5.2).
If the thickness of the Cu is less than the location of the maximum shear stress below the
surface of the coating, then yielding will take place in the substrate, and not in the Cu coating if:
0.48aYa >h (5.3)
Equation (5.2) can be substituted into Eq. (5.3) to approximately give:
- R > 2h (5.4)
4 E,
which can be rewritten as:
8 E
R > - h (5.5)
Equation (5.5) represents the condition for which yielding in the Cu will not occur during
frictionless Hertzian contact. Therefore, the asperity radius of curvature must be increased to
beyond the critical radius of curvature, Ra,crit, to ensure that scratching will not occur, where Ra,crit
is given as:
8 E
R = Et (5.6)
r H
The typical thickness of a Cu coating is 1 tm. Therefore, for average values of pad hardness,
0.05 GPa, and pad modulus, 0.5 GPa, a typical number for Ra,crit is about 25 tm. Therefore, if
all of the asperities have a radius of curvature grater than or equal to Ra,crit, then scratching
should not occur for typical polishing conditions. This gives an important insight as to why IC
manufacturers break-in the pad before polishing wafers. The reason is that during the break-in
process, the asperity radius of curvature increases.
It is important to reiterate the assumptions made to arrive at Eq. (5.6). It was assumed that
the contact was frictionless and that the pad asperity deformed elastically and was at the onset of
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yielding. It is possible to relax both assumptions somewhat. First, if the pad asperity deforms
fully-plastically while in frictionless contact with the Cu coating, then Eq. (4.47) lists the
location of the maximum shear stress in the Cu coating, z:
z=0.65a (5.7)
This is important because when compared with Eq. (5.1), the location of the maximum shear
stress in the Cu coating for a uniform pressure distribution is below the location of the maximum
shear stress in the Cu coating for a Hertzian pressure distribution. The reason for this is that a in
Eq. (5.7) will be greater than or equal to ay,a in Eq. (5.1) because the area of contact is larger
when the pad deforms fully-plastically than when it does elastically. Therefore, the criteria given
by Eq. (5.6) is also valid for when the pad deforms fully-plastically since it provides a
conservative estimate for Ra,cjt.
The second assumption that can be relaxed is that the asperity and coating experience
frictionless contact. As discussed in Chapter 4, Eq. (5.1) is valid for p < 0.3 and Eq. (5.7) is
valid for p < 0.1. Therefore, the criteria given by Eq. (5.6) can be used for low-friction contacts,
i.e. p < 0.1.
Figure 5.2(a) shows the probability density functions of the ratio of pad modulus to hardness
for three different pads. One of the pads is new and it is labeled "0 wafers" because that implies
that it has not yet been broken-in. Another pad is labeled "6 wafers" and that implies that the pad
has been semi-broken-in since it polished six wafers. And the last pad is labeled "56 wafers" and
is fully-broken-in since it has polished fifty-six wafers. It may be noted that all of the
distributions are essentially the same in Figure 5.2(a). Figure 5.2(b) shows the probability
density function of the distributions of Ra,crt which were created by using the criteria in Eq. (5.6).
It was assumed that he is 1 pm. The average value of Ra,crit is given as Ra,crit and the standard
deviation of Ra,crt is given as -Ra,cat . Therefore, in order to ensure that scratching does not take
place, the real distribution of the asperity radii of curvature should be located completely to the
right of the distributions in Figure 5.2(b). Figure 5.3 shows a plot of the theoretical distribution
of Ra,cnt and the distribution of Ra for a properly broken-in pad. The criterion can be written as:
R +3-Ra i Ra,brok 3 URk (5.8)
where Ra brok is the average value of the experimentally measured radius or curvature and oRa,brok
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Figure 5.2: (a) Ratio of pad modulus to hardness distributions after polishing a different numbers
of wafers. (b) The distribution of Racrit based upon the distributions given in (a).
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Figure 5.3: Probability density functions of the distribution of Racrit
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is the standard deviation for a properly broken-in pad. Therefore, in order to guarantee that
scratching will not occur during polishing, the pad must be broken-in such that Eq. (5.8) is
satisfied. The parameters Ra,brok and aRa,brok are measured quantities from the properly broken-in
pad and Ra,cnt and aRac are theoretical numbers that are calculated using Eq. (5.6) and the
experimentally measured distribution of the ratio of pad modulus to hardness for a properly
broken-in pad.
Figure 5.4 shows the probability density functions of Ra for a new pad, the distribution of
Ra,crit, the distribution of an inadequately broken-in pad, and the distribution of Ra for a perfectly
broken-in pad. The new pad has a very tight distribution with relatively small radii of curvature.
As shown in Figure 5.4, it is expected that almost every asperity of a new pad would be able to
scratch the Cu coating since the distribution is to the left of the theoretical criterion. The red
distribution in Figure 5.4 corresponds to an inadequately broken-in pad. That red distribution is
the experimental distribution of pad asperity radius of curvature after the pad has been broken-in
by 56 wafers. Figure 5.4 shows that even after being broken-in with 56 wafers, the pad is still
not properly broken-in.
The criterion given by Eqs. (5.6) and (5.8) are based on a single asperity in contact with the
Cu coating. In reality, hundreds of thousands, if not millions, of asperities may be in contact
with the pad at any instant and the contacts are not independent of each other. Therefore, in
order to relate the asperity radius of curvature to Figure 4.17 and the shape of the pressure
distribution, it is necessary to account for multi-asperity contact.
5.3 Multi-Asperity Contact
The mechanisms of multiple asperities, with a given distribution of asperity heights, in
contact with a planar surface was first examined by Greenwood and Williamson [Greenwood
and Williamson, 1966]. In their pioneering paper, Greenwood and Williamson assumed that the
asperities had a height distribution, such as a Gaussian distribution. Furthermore, they assumed
that every asperity had the same radius of curvature. Their primary concern was to calculate the
real area of contact between the asperities and the planar surface. Although their work provides
a theoretical framework to address the problem, the primary concern here is to determine the
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Probability density functions of a new pad, the distribution of Ra,crit, the distribution
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curvature of a perfectly broken-in pad.
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Figure 5.4:
smallest asperity radius of curvature, given an asperity height distribution, such that the tallest
asperity does not deform plastically. Therefore, it is the goal to determine Ra,crit such that the
tallest asperity is at the onset of yielding. If every pad asperity has a radius of curvature
Ra > Racrit, then it can be guaranteed that every asperity in contact with the planar Cu surface has
a Hertzian contact pressure distribution. Therefore, once Ra,crit is determined, it is possible to
know how much breaking-in must take place on the pad in order to use the Hertzian pressure
distribution line in Figure 4.17 to determine the possibility of scratching, as opposed to having to
use the more conservative uniform pressure distribution line in Figure 4.17.
The critical radius of curvature, Ra,crit, is a complex function of many parameters:
RC f (#(Zs), s, p, A, HP, EP, E*) (5.9)
where $(z,) is the distribution of pad asperity heights, as is the standard deviation of pad
asperity heights, p is the pressure applied to the pad, Xa is the pitch between asperities, Hp is the
hardness of the pad, Ep is the modulus of the pad, and E* is the equivalent modulus of the
pad/coating contact. Figure 5.5 shows a rough pad with multiple asperities in contact with a
planar coating.
In this analysis, four different distributions will be used for $(z,): the Gaussian distribution,
the exponential distribution, the uniform distribution, and the delta "distribution", for which case
all of the asperities are the same height. The four distributions are shown in Figure 5.6. As
shown in Figure 5.6, the Gaussian, exponential and uniform distributions all have the same
standard deviation. Furthermore, the area under each of the curves from zs = 0 to zs = oo is the
same for all four curves. It is important to note that the delta distribution shown in Figure 5.6
should have a height that stretches to infinity and should have a width that approaches zero. The
analyses of the Gaussian and delta distributions are presented in this section of the thesis.
Appendix F presents the analyses of the exponential and uniform distributions.
For each of the distributions, $(z,),the overall method will be the same. The first step is to
write the force balance equation:
Pla 2 = 9,z)dz, (5.10)
d
where f (3) is a function that determines the load on an asperity as the asperity displacement, 6,
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Figure 5.5: A rough, pad surface with multiple asperities in contact with a planar coating surface.
0 (Zs)
Figure 5.6: The four different asperity height distributions used: Gaussian, exponential, uniform
and delta. Note that the volume under the curves from zs = 0 to zs = infinity should all
be the same. The delta distribution should extend up to infinity. Also note that the
Gaussian, exponential, and uniform distributions all have the same standard
deviation.
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- O(Z')
changes and d is the mean separation distance between the planar surface and the centerline of
the asperity summits, as shown in Figure 5.5. Equation (5.10) is a force balance between the
applied pressure over the nominal contact area and the summation of all of the individual loads
from all of the asperities that touch the planar surface. Only asperities that have a height
d < zs < o are in contact with the planar surface, as shown in Figure 5.5. By rearranging Eq.
(4.8):
f(5)=4R2E*2 (5.11)3
The reason for this functional form is that all of the asperities deform elastically. This is
guaranteed because the goal is to solve for Ra,crit such that the tallest asperity is at the onset of
yielding. Therefore, Eq. (5.11) can be combined with Eq. (5.10) to provide:
pA = R 2E* 32 #(z)dz, (5.12)
d
The relation between zs, d and 6 is fixed by geometrical constraints and is given as:
3=z - d (5.13)
Therefore, Eq. (5.13) can be substituted into Eq. (5.12) to give:
p2a2=R2E* (z,-d) #2(z')dzs (5.14)
3 d
Now, Eq. (5.14) must be solved for Ra for each of the different distributions, #(z,). The
resulting value will be Ra,crit.
5.3.1 Gaussian Distribution
The Gaussian distribution is a two-parameter distribution defined by a mean and a standard
deviation, as. Because the distribution is symmetric about the centerline shown in Figure 5.5, the
mean is defined as zero. The Gaussian probability density function is:
1(z,)= e (5.15)
This distribution is valid for: -oo < zs < o. However, it is not physically consistent to assume that
asperities exist with a height equal to o. Therefore, the distribution is truncated at 4os. By
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truncating at this point, there is a 0.003% probability that there exists an asperity that is taller
than 4as. Substituting Eq. (5.15) into Eq. (5.14) gives:
2 4 * (z, - d e dz, (5.16)
32 d as
It may be noted that every parameter in Eq. (5.16) except for d is known. Because the goal is to
solve Eq. (5.16) for Ra, an explicit value for d must be used. Therefore, this is where the limiting
condition that the tallest asperity, which has a height of 4os, is forced to be at the onset of
yielding. Therefore, the tallest asperity must have a value for 8 that is equal to the yield value, y,
which can be obtained by substituting Eq. (4.21) into Eq. (4.8):
9Y =----R, (5.17)16 E 2
Because Eq. (5.17) provides the value of 8 for the asperity with zs = 4us, it is possible to
determine what d must be from Eqs. (5.13) and (5.17):
d 7 ~2 Hp Rad 4-- 2  (5.18)
U, 16 E, a,
Equation (5.16) can be rearranged and normalized to provide the governing equation that
determines Ra,cnt for a Gaussian distribution:
4 - )2>3  Z{L 2_____=
z, d -( zsa 3,F2; p 2
Racnt f )y e d4 J Y2 0
d as s\US 4 E as2 (5.19)
d 12 Hp2 RaCt
where = 4- H
o 16EcY
By solving Eq. (5.19) for Ra,crt, it can be assured that if every asperity has a radius of curvature
Ra > Ra,cnt, then every pad asperity will deform elastically for a pad that has asperity heights
Gaussian-distributed. Then the Hertzian curve in Figure 4.17 can be used. The integral in Eq.
(5.19) cannot be solved analytically. Therefore, Eq. (5.19) must be solved numerically in order
to determine the value of Ra,crt. Furthermore, Eq. (5.19) can be rewritten in terms of a classical
parameter, V, the plasticity index which is defined as:
S -Y2, E - C (5.20)
Ra~n HP
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where C is a constant that should take on a value of about one if it is desired that all asperities
deform elastically [Johnson, 1985]. Equation (5.19) can be manipulated to solve for the
plasticity index:
42 E (
R H
4 E*2 as )2 4 /s z)d2
where C= e dr' (5.21)where pHi, f2a e KG;
3d d 07HG2 R
d 2 H p a,crit
and =4-
0, 16 E 2
5.3.2 Delta Distribution
If the asperity height distribution is the delta distribution, then all of the asperities are of the
same height, as shown in Figure 5.7. The distribution of asperity heights is then defined as:
#(Z,) = (5.22)
at z, = zmax
where Zmax is a constant and the height of every asperity is the same and equal to Zmax. For this
distribution, it is not necessary to use Eq. (5.14). Instead, the value of Ra,crit can be obtained by a
force balance on a single asperity, since all of the asperities are identical. The force balance on a
single asperity is:
P,= py 2  (5.23)
where Pa is the load on one asperity, as shown in Figure 5.7.
In order to obtain the correct value of Ra,crit, the load on an asperity should be equal to the
yield load of an asperity, which is given by Eq. (4.21). Therefore, Eq. (4.21) can be substituted
into Eq. (5.23) to provide:
- R = pA2 (5.24)EP2 Pa48 E
Equation (5.24) can be explicitly solved for Racrit:
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A rough, pad surface with multiple asperities in contact with a planar
where all of the asperities have the same height.
coating surface,
Table 5.1: Summary of Ra,cit values for
example paramters: Hp = 0.05
= 13.8 kPa.
the four different asperity
GPa, Ep = E*= 0.5 GPa, as
height distributions for the
= 5 tm, Aa= 100 Rm, and p
Distribution z r P (z s > z .) R a, crit (pm) C R a, crit (gm) (For C = 1)
Exponential 10as 0.002% 2103 0.49 500
Gaussian 4as 0.003% 1012 0.70 500
Uniform 1.7c, 0 144 1.86 500
Delta 0 21 - -
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R H8 )2 p )i1 (5.25)
The standard deviation does not appear in Eq. (5.25) since it was assumed that all of the asperity
heights are identical.
The plasticity index is not appropriate for this distribution because the standard deviation is
zero. Because all of the asperities have the same height, they all must have a radius of curvature
equal to or greater than the value of Ra,crit given by Eq. (5.25).
5.3.3 Example of Determining Ra,crit
Independent of the type of the distribution used to define the asperity heights, it is necessary
to know the pad hardness, pad modulus, the standard deviation of asperity heights, the pitch of
the asperities, and the pressure used during polishing. For this example, it is assumed that Hp =
0.05 GPa, Ep = E*= 0.5 GPa, as = 5 pm, Xa = 100 ptm, and p = 13.8 kPa (2 psi). The values of the
pad hardness and modulus are the average values for a Rohm & Haas IC 1000 pad. These values
were experimentally measured and are presented in detail in Chapter 2. The standard deviation
of the heights should be a value that is similar to, or a little less than, the root-mean-square
roughness of the pad, which is also presented in Chapter 2. The pitch between the asperities is
about 100 ptm and a typical polishing pressure during CMP is 13.8 kPa or 2 psi.
Table 5.1 shows the values for Ra,crit for the four different distributions. The second column
of the table shows the value of the tallest asperity. For the exponential and Gaussian
distributions, a truncated value had to be chosen because both distributions stretch to infinity.
Therefore, the third column in the table shows the probability that an asperity is taller than the
truncation point shown in the second column. The fourth column shows the value of the critical
radius of curvature, Ra,crit. This value was obtained using Eqs. (5.19), for the Gaussian
distribution, (5.25) for the delta distribution, (F.8) for the exponential distribution, and (F.20) for
the uniform distribution. Therefore, for each of the distributions, if all of the pad asperities are
greater than the critical value, i.e. Ra > Racrit, then the asperities are loaded elastically and the
Hertzian curve can be used in Figure 4.17. However, if any of the pad asperities have a radius of
curvature less than Racrit, then the uniform pressure curve must be used in Figure 4.17 to analyze
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pad scratching. Appendix B presents asperity wear models which relate the increase in asperity
radius of curvature to the pad break-in time.
It is intuitively obvious that the exponential distribution would require the largest critical
asperity radius because in order for enough asperities to support the applied load, the tallest
asperity will have to deform a lot. The same is true of the Gaussian, but to a lesser degree. For
the Gaussian distribution, by the time enough asperities have contacted the coating to balance the
load, the tallest asperity will not have deformed as much as in the exponential case. This concept
holds true for the uniform distribution and the delta distribution. The delta distribution requires
the smallest pad radius of curvature because all of the asperities are of the same height, and thus
all asperities support the load. Therefore, no single asperity needs to experience large
deformations. The delta case is optimal. Therefore, by ensuring that all of the pad asperities
have the same height, it is not necessary to polish with very flat asperities. The fifth column of
Table 5.1 shows the correct, true value of the constant C which should be used with the plasticity
index in order to provide a quick estimate for the radius of curvature. As shown, the values are
approximately equal to 1. The last column of Table 5.1 shows what the critical radius of
curvature would have been calculated as, had the plasticity index method been used with C= 1.
Johnson suggests that C= 1 can be used as an approximation to ensure that the asperities deform
elastically [Johnson, 1985]. Had the approximation C = 1 been used, the critical radius of
curvature for the exponential, Gaussian, and uniform distributions would have been calculated to
be 500 [tm for all three of the distributions, since the value of C is independent of the type of
distribution. When compared with the true values of Ra,crit, the approximated values are on the
same order of magnitude, but the approximation is less than the true value by a factor of 4 for the
exponential distribution and by a factor of 2 for the Gaussian distribution.
5.4 Summary
In this chapter, the effect of the pad asperity radius of curvature on pad scratching was
modeled. In order to determine whether the pad asperities deform elastically or fully-plastically,
multiple-asperities in contact with a planar surface were modeled using a theory due to
Greenwood and Williamson. Four different asperity height distributions were analyzed. Using
the modified statistical analysis, it was possible to relate the pad asperity radius of curvature to
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the type of pad deformation and subsequently the type of contact pressure distribution, i.e.
Hertzian or uniform. It was determined that if the radius of curvature of all of the pad asperities
exceed a critical value of radius of curvature, then the Hertzian contact distribution can be used
to analyze pad scratching. However, if any of the pad asperities have radii of curvature less than
the critical value, then, to be conservative, the uniform pressure distribution must be used to
analyze pad scratching.
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Nomenclature
a = contact semi-width between pad asperity and coating (m)
a,a = contact semi-width for an asperity at yield (m)
d = mean separation distance (in)
E* = equivalent Young's modulus (N/m 2)
Ec = Young's modulus of a coating (N/m2)
E, = Young's modulus of a pad (N/m2)
H, = hardness of a coating (N/m2)
H, = hardness of a pad (N/m2)
h= thickness of a coating (m)
P = normal load (N)
P = normal load on an asperity (N)
P = pressure (N/m2)
Ra = radius of curvature of a pad asperity (m)
Rabrok = radius of curvature of a broken-in pad asperity (m)
Ra,crit = critical asperity radius of curvature (m)
zmax =maximum height of an asperity (in)
z, = height of an asperity (m)
Zya =location of maximum shear stress for an asperity at yield (m)
5 = depth of indentation (m)
Aa = pitch of pad asperities (m)
P = coefficient of friction
'-Rabrok =standard deviation of the radius of curvature of a broken-in pad (m)
-R.,C =standard deviation of critical asperity radius of curvature pad (m)
us = standard deviation of asperity heights (m)
V = plasticity index
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CHAPTER 6
EXPERIMENTAL VALIDATION OF SCRATCHING BY PAD MODELS
6.1 Introduction
In Chapter 4, it was determined that under certain conditions, a soft pad can scratch a harder
coating. The relation between pad asperity hardness, coating hardness, and coefficient of friction
was determined such that scratching due to pad asperities can be prevented. In Chapter 5, it was
determined that if the asperity radius of curvature for every asperity is greater than a critical
value, then the asperities deform elastically and the relation for Hertzian pressure distribution can
be used to analyze pad scratching. If, however, all of the asperities do not have a radius of
curvature greater than the critical value, then the relation for a uniform pressure distribution must
be used to analyze pad scratching.
This chapter presents the experimental validation of the theoretical models presented in
Chapter 4 and Chapter 5. Four different sets of experiments will be presented in this chapter.
The first set of experiments were Cu polishing experiments conducted at MIT and provide
evidence that pad scratching does exist. The second set of experiments were Cu polishing
experiments conducted in a clean room at a commercial fab. These experiments also show that
scratching by the polishing pad does take place, and furthermore they show the effect of
breaking-in a pad on pad scratching. The third set of experiments were single asperity
experiments conducted at MIT and they validate the theoretical pad scratching models by a pin-
on-flat apparatus. The last set of experiments were Cu polishing experiments conducted at MIT
and they validate the pad scratching models for multi-asperity contact.
6.2 Cu Polishing Experiments at MIT
Four Cu wafers were polished at MIT to investigate scratching by the pad versus by particles.
Four, 100-mm Cu wafers were polished under four different experimental conditions using a
face-up CMP polisher as shown in Figure 6.1. For all four experiments, a new Rohm & Haas
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Figure 6.1: Experimental face-up CMP polishing tool.
Table 6.1: Experimental polishing conditions.
Parameter
Tool
Wafer Diameter
Cu thickness
Pad
Velocity
Normal Pressure
Slurry
Slurry Flow Rate
Slurry Size
Polishing Time
Value
Face-up CMP
100 mm
1 ptm
Rohm & Haas IC1
0.53 m/s
12.4 kPa (1.8 psi)
Cabot iCue 5001
100 ml/min
3 pm
30 s
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IC1000 pad was used. The thickness of the Cu coatings on all of the wafers was 1 pIm. The
polishing pressure for all of the experiments was 12.4 kPa (1.8 psi) and the velocity was 0.53 m/s.
Each of the wafers was polished for 30 seconds. A summary of the experimental polishing
conditions is given in Table 6.1. The first wafer was polished with just water present. The
second wafer was polished with Cabot Microelectronics iCue 5001 slurry, which has a nominal
particle size of 3 pm. The third wafer was polished with a solution that consisted of water and
3% H20 2 . The fourth and final wafer was polished with the iCue 5001 slurry and 3% H2 0 2 . The
flow rates for the respective slurries (or water) were 100 ml/min for each of the wafers. After the
wafers were polished, the scratches on the wafer surfaces were measured using a Zygo NewView
5000 series white light interferometer. Images of the Cu wafer surfaces are shown in Figure 6.2.
Appendix G presents a table, Table G. 1, that contains the scratch data measured by the Zygo
interferometer. The first two columns in Table G. 1 represent the measured semi-widths, ac, and
depths, c, of the scratches found on the Cu wafer that was polished with water. The third and
fourth columns in the table represent the scratch semi-widths and depths of the scratches found
on the wafer polished with the 3 gm slurry. The fifth and sixth columns represent the semi-
widths and depths of the scratches found on the surface of the wafer polished with water and 3%
H20 2 . And, the last two columns in Table G. 1 represent the semi-widths and depths of the
scratches found on the wafer that was polished with the 3 gm slurry and the 3% H20 2 . Figure
6.3 shows the histograms of the scratch semi-width data given in Table G.1. Figure 6.4 shows
the histograms of the scratch depth data given in Table G. 1.
As shown in Figure 6.2, the surfaces of all of the wafers appear to have scratches of similar
widths. This is further validated by the histograms in Figure 6.3. The histogram of scratch semi-
widths of the wafer polished with just water, Figure 6.3(a), looks very similar to the histogram of
scratch semi-widths of the wafer polished with slurry, Figure 6.3(b). The standard deviations of
the two distributions are almost identical, about 1.5 pm. And, the averages of the scratch semi-
widths are also very similar, about 3.5 pm. The same is true when Figure 6.3(c) is compared
with Figure 6.3(d). For Figures 6.3(a) and 6.3(c), slurry particles were not present during the
polishing process. For Figures 6.3(b) and 6.3(d), slurry particles were present during the
polishing process. And, all four distributions look very similar. All four distributions have very
similar averages and very similar standard deviations. Therefore, this suggests that it is not the
slurry particles present in the slurry that are responsible for the scratches. In fact, since only
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3 pm Slurry
(a) 100 pm
Water + 3% H20 2
(c)
(b) 100 pm
3 pm Slurry + 3% H2 0 2
100 pm (d) 100 pm
Figure 6.2: Surface of Cu wafers after being polished with a new pad and: (a) water, (b) 3 pm
slurry, (c) water and 3% H20 2 , and (d) 3 pm slurry and 3% H20 2.
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Water
3 prm Slurry
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
ac (Im)
(a)
Water + 3% H20 20.50
0.45 Mean: 4.2 pm
0.40 Std. Dev.: 1.2 pim
0.35
0.30
0.25
0.20 -
0.15 -
0.10 -
0.05
0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 70 8.0 9.0 10.0
a, (Jim)
(c)
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
ac (pm)
(b)
3 pm Slurry + 3% H20 2
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
a, (pim)
(d)
Figure 6.3: Scratch semi-widths on Cu wafers after being polished with a new pad and: (a) water,
(b) 3 pm slurry, (c) water and 3% H20 2 , and (d) 3 pm slurry and 3% H20 2.
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Water
water was present for the histogram represented by Figure 6.3(a), then the scratches must have
been produced by the pad asperities.
Figure 6.4 supports the conclusion that the pad asperities are responsible for the scratches.
The scratch depth data represented by Figures 6.4(a) and 6.4(b) are almost identical. The
distributions look very similar, the averages are essentially identical and the standard deviations
are the same. The data in Figure 6.4(a) is a result of polishing with just water whereas the data in
Figure 6.4(b) is from polishing with 3 tm slurry particles present. Because the data are
essentially identical, this suggest that it is not always the slurry particles that are responsible for
the scratches. Furthermore, the data represented in Figures 6.4(c) and 6.4(d) are also very
similar. The reason that the scratches are deeper in Figure 6.4(c) and 6.4(d) is because hydrogen
peroxide was present, which softened the Cu. Furthermore, if hard abrasive particles were
responsible for the scratches, then when hydrogen peroxide was added, and the scratches were
deeper, the widths should have also increased since the particles are stiff compared with Cu.
However, this was not observed. The scratches were deeper, but the widths were unchanged.
This further supports the claim that the pad asperities are responsible for the scratches. Last, the
aspect ratios of the scratches are very large. This means that the widths of the scratches are a
factor of one hundred larger than the depths. This is also not consistent with slurry particles.
The slurry agglomerates would have to be impractically large to create a scratch with such large
aspect ratios. Therefore, this is additional evidence that concludes that the pad asperities are
responsible for the scratches on the Cu coatings.
6.3 Cu Polishing Experiments at a Commercial Fab
The previous polishing experiments were not conducted in a clean room, so similar
experiments were conducted in a clean room at a commercial fab. The effect of breaking-in a
pad was also examined during these experiments. Four, 300-mm Cu wafers were polished under
four different experimental conditions using an Applied Materials Reflexion LK series polisher,
as shown in Figure 6.5. The thickness of the Cu coatings for all of the wafers was 1 pim. The
polishing pressure for all of the experiments was 10.3 kPa (1.5 psi) and the velocity was 1.57 m/s.
Each of the wafers was polished for 30 seconds. A summary of the experimental polishing
conditions is given in Table 6.2. The first wafer was polished with a new pad and with only
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Water
Mean: 14 nm
Std. Dev.: 12 nm
3 pm Slurry
Mean: 15 nm
Std. Dev.: 14 nm
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
6, (nm)
Water + 3% H202
0.0 50.0 100.0 150.0 200.0 250.0 3000 350.0 400.0 450.0 500.0
6c (nm)
(c)
0.0 5.0 100 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
6, (nm)
(b)
3 pm Slurry + 3% H20 2
Mean: 79 nm
Std. Dev.: 120 nm
0.00k 1
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
6, (nm)
(d)
Figure 6.4: Scratch depths on Cu wafers after being polished with a new pad and: (a) water, (b) 3
im slurry, (c) water and 3% H2 0 2, and (d) 3 pm slurry and 3% H20 2.
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Figure 6.5: Industrial CMP tool [Applied Materials].
Table 6.2: Experimental conditions for the polishing experiments conducted at a commercial fab.
Parameter
Wafer Diameter
Cu thickness
Pad Diameter
Center-to-Center
Rotational Speed
Rotational Speed
Linear Velocity
Normal Pressure
Slurry Flow Rate
Polishing Time
Distance
of Wafer
of Pad
Value
300 mm
1 ptm
1000 mm
250 mm
60 rpm
60 rpm
1.57 m/s
10.3 kPa (1.5 psi)
150 ml/min
30 s
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water. The second wafer was polished with a new pad and with slurry. The third wafer was
polished with a broken-in pad and with only water. The fourth and final wafer was polished with
a broken-in pad and with slurry. The flow rate for the respective water or slurry was 150 ml/min
for each of the wafers. The pad was broken-in by polishing 50 Cu wafers. The breaking-in
process took approximately 4 hours to complete. After the wafers were polished, the wafer
surfaces were optically scanned for scratches using a KLA-Tencor Surfscan model SPI MX.
The optical scans are shown in Figure 6.6.
Figure 6.6 shows the results of the optical scans for the four polished wafers. The diagrams
represent the surface of the wafer. The intensity of scattered ultraviolet light is used to locate
defects on the wafer surface. The colors represent defects on the wafer surfaces. As shown in
Figure 6.6(a), the wafer surface was extremely scratched. This is conclusive evidence that pad
scratching occurs and can be very severe. Figure 6.6(b) shows less severe scratching than Figure
6.6(a). The reason for this is that the slurry that was used contains lubricants, surfactants, and
other chemical additives to decrease friction between the pad and the Cu coating. This
qualitatively supports the theory presented in Figure 4.17, that for the same pad and Cu coating,
as the coefficient of friction is decreased, it is possible to eliminate scratching. It appears that the
coefficient of friction has not been decreased enough to completely eliminate scratching, but the
frequency and severity of scratching has been reduced. Figure 6.6(c) also has severe scratching,
although the scratching looks less severe than Figure 6.6(a). This implies that by breaking-in the
pad, the severity and frequency of scratching can be reduced. This also qualitatively supports the
theory presented in Chapter 5. During the breaking-in process, the asperity radius of curvature is
increased. As the asperity radius of curvature increases, the frequency and severity of scratching
should decrease. The theory in Chapter 5 suggests that if all of the pad asperities can be broken-
in such that every asperity has a radius of curvature larger than a critical value, then scratching
can be eliminated completely. It appears that this broken-in pad has been incompletely broken-
in. It should be noted that the curve labeled "inadequately broken-in pad" in Figure 5.4,
represents the measured asperity radius of curvature of this specific broken-in pad. As the theory
presented in Chapter 5 shows, this pad is still expected to scratch a Cu coating because it has
only been partially-broken-in. The severity and frequency of scratching looks the least severe
for Figure 6.6(d), when the wafer was polished using a broken-in pad and slurry. This
qualitatively validates the theory presented in Chapters 4 and 5 because this wafer was polished
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New Pad, Water New Pad, Slurry
1 1 i
Broken-In Pad, Water
(c)
Broken-In Pad, Slurry
(d)
Figure 6.6: Surface scans of 300-mm Cu wafer surfaces using a KLA-Tencor Surfscan SP1 MX.
The colors show defects and scratches on the wafers after being polished with (a) a
new pad and water, (b) a new pad and slurry, (c) a broken-in pad and water, and (d) a
broken-in pad and slurry.
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with a pad that had asperities with large radii of curvature and friction was decreased due to the
lubricants in the slurry. The reason that scratching still occurred is most likely a result of the fact
that the pad was inadequately broken-in and the coefficient of friction may still be too high.
However, this qualitatively validates the pad scratching models presented in Chapters 4 and 5.
Figure 6.7 shows AFM images of a scratch found on each of the four wafers. For the case of
the wafer polished with a broken-in pad and slurry, a good AFM image of a scratch could not be
obtained, but it should be noted that there were still about 780 clustered defects, i.e. scratches,
measured on the wafer surface and that this wafer would have been rejected for functional use.
As shown in Figure 6.7, scratches can still occur for all of the experimental conditions. The
reason for this is that the pad has not yet been broken-in enough, the coefficient of friction
between the pad and the Cu is still too high, and the pad is too hard. By increasing the radius of
curvature via further breaking-in the pad, decreasing the coefficient of friction, or by decreasing
the hardness of the pad, scratching can be eliminated. Figure 6.8 shows the profiles of the
scratches shown in Figure 6.7. It is important to note that scratches on the order of 1 pm in
width and tens of nanometers in depth can occur even when a wafer is polished with just water.
Therefore, this concludes that the pad asperities are the primary cause of the severe scratching on
the wafer surface.
6.4 Single Asperity, Pin Experiments
In order to validate the pad scratching models presented in Chapter 4, and more specifically
in order to validate the summary chart in Figure 4.17, single asperity scratching experiments
were performed. As Figure 4.17 summarizes, there are regions of scratching and no scratching
depending upon the ratio of the asperity hardness to coating hardness, the coefficient of friction
and whether or not the asperity deforms elastically or fully-plastically. In order to validate the
scratching and no-scratching regions of Figure 4.17, pins of various materials were machined
and then slid under load along the surface of a Cu wafer using a pin-on-flat apparatus as shown
in Figure 6.9. Table 6.3 lists the materials that were used to create single asperity pins and their
material properties. As shown, eight different types of polymers and steel were used to create
single asperity pins. The polymers used were: polymethylmethacrylate, polycarbonate,
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New Pad, Water
(a) (b)
Broken-In Pad, Water Broken-In Pad, Slurry
-780 clustered defects
(d)
Figure 6.7: AFM images of scratches on Cu wafers after being polished with (a) a new pad and
water, (b) a new pad and slurry, (c) a broken-in pad and water, and (d) a broken-in
pad and slurry.
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New Pad, Slurry
New Pad, Water
(a) (b)
Broken-In Pad, Water Broken-In Pad, Slurry
-780 clustered defects
(c) (d)
Figure 6.8: Cross-sections of scratches on Cu wafers after being polished with (a) a new pad and
water, (b) a new pad and slurry, (c) a broken-in pad and water, and (d) a broken-in
pad and slurry.
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New Pad, Slurry
Figure 6.9: Pin-on-flat apparatus.
Table 6.3: Mechanical properties of the single asperity pins.
Material Modulus, E (GPa) Hardness, H (GPa) H/H cu Low H/H c. High H/Hcu
Steel 210 7.00 5.74 - -
PMMA (Acrylic) 1.8-3.1 0.26 0.21 0.15 0.27
PC 2.4-2.7 0.21 0.17 0.13 0.19
PVC 1.5-3.1 0.20 0.16 0.09 0.23
PS 2.0-3.2 0.18 0.15 0.09 0.17
PP 0.9-1.8 0.11 0.09 0.08 0.22
HDPE 0.6-1.4 0.08 0.06 0.03 0.14
PTFE (Teflon) 0.4-0.7 0.07 0.06 0.04 0.08
LDPE 0.2-0.4 0.05 0.04 0.02 0.06
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polyvinyl chloride, polystyrene, polypropylene, high-density polyethylene,
polytetrafluoroethylene, and low-density polyethylene. Polymers were chosen because the pad
material primarily consists of polymers, specifically polyurethane. And, it was necessary to
validate the theory presented in Chapter 4 by using materials that are softer than Cu. The
Young's moduli and hardnesses are given along with the ratio of the hardness to Cu hardness in
Table 6.3. The last two columns in Table 6.3 represent the possible range for the ratio of pin
hardness to Cu hardness due to the variation in the polymer hardness [Ashby, 2005]. It should
be noted that all of the polymers have hardnesses less than the hardness of Cu, which explains
why the ratio of pin to Cu hardness is less than 1.
Images of the polymer pin tips are shown in Figure 6.10. As shown, the pins were machined
and polished such that the tips create a single asperity. The pin tips and the radius of curvature
for each of the materials are shown in Figure 6.10. The radius of curvature for the steel pin is
about 4800 [tm, where as the radius of curvature for the polymer pins ranged from 100 to 600
pm. Each of the pins shown in Figure 6.10 was slid along the surface of a Cu wafer using the
pin-on-flat apparatus at a speed of 0.005 m/s. Figure 6.11 shows images of the Cu surface after
each of the pins was slid across the Cu coating. The coefficient of friction between the pins and
the Cu coating was experimentally measured and the values are shown in Figure 6.11. For the
case of the steel, PMMA, and LDPE pins, the pins were slid across the Cu coating without any
lubricant present and then they were slid across a different Cu coating with a lubricant present.
The lubricant was added to decrease the coefficient of friction between the pin and Cu coating in
order to evaluate the effect of the coefficient of friction on scratching. As shown in Figure 6.11,
the steel pin scratched the Cu surface regardless of whether lubricant was present or not. The
PMMA pin also scratched the Cu coating when the lubricant was not present and when the
lubricant was present. The PC pin scratched the Cu coating and the PVC pin also scratched the
Cu coating. The PS did not scratch the Cu coating, instead material was transferred from the PS
pin onto the Cu coating. Similarly, the PP pin did not scratch the Cu coating, but it also
transferred material onto the Cu coating. The HDPE and the PTFE pins both did not scratch the
Cu coating. And finally, the LDPE pin did not scratch the Cu coating when lubricant was not
present nor did it scratch the Cu coating when lubricant was present.
The lubricant that was used in some of the experiments was a Sodium Dodecyl Sulfate (SDS)
solution. The molecular weight of SDS is 288.38 g/mol and Figure 6.12 shows a diagram of the
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PCPMMA
Radius = 4800 ptm
PVC
Radius = 600 pm
HDPE
Radius = 150 pm Radius = 100 pm
PS
Radius = 400 ptm
PTFE
Radius = 400 pm
LDPE
Radius = 425 pim Radius = 100 pm Radius = 250 pm
Figure 6.10: Images of the polymer pin tips and radius of curvature values for each pin.
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SteelSteel
u = 0.34
PMMA PC
p = 0.14 p = 0.44
u = 0.44 p = 0.30
LDPE
U = 0.10 p = 0.36
LDPE
p= 0.13
Figure 6.11: Images of scratches on Cu coatings by different pins and coefficients of friction.
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Figure 6.12: Sodium Dodecyl Sulfate (SDS). Molecular weight is 288.38 g/mol. Molecular
formula: NaC 12H25 SO 4 . Solubility: lOg/1Og H20.
Table 6.4: Friction coefficients of polymer pins on Cu with and without lubricant.
Material
Steel (AISI 52100)
Steel
PMMA
PMMA
PC
PVC
PS
PP
HDPE
PTFE
LDPE
LDPE
Lubricant
Dry
SDS
Dry
SDS,
Dry
Dry
Dry
Dry
Dry
Dry
Dry
SDS
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H
HOHC
H
H
C
H
I
0.34
0.10
0.42
0.14
0.44
0.34
0.44
0.30
0.16
0.10
0.36
0.13
molecular structure of SDS. For the tests that used the lubricant, a 0.01 molar solution of SDS
was used (i.e. 3.2 g of SDS/1 L of H20). Previous experiments have shown that SDS solution
can decrease the adhesion forces for rubbers and polymers, and thus decrease friction [Johnson et
al., 1971]. Table 6.4 summarizes the coefficients of friction that were measured between the
pins and Cu coating when lubricant was not used, i.e. "Dry," and when lubricant was used, i.e.
"SDS." As shown in Table 6.4, the largest coefficient of friction measured occurred when a PC
pin was slid across the Cu coating without a lubricant present and when PS was slid across the
Cu coating without a lubricant present, p = 0.44. The smallest coefficient of friction was
measured when PTFE was slid across the Cu surface without a lubricant present and when Steel
was slid across the Cu surface with SDS solution present as the lubricant, p = 0.10.
The yield loads for each pin, PYpolymer, are given in Table 6.5. The yield loads were
determined using the material properties, the measured radius of curvature, and Eq. (4.21). In
order to ensure that the polymer pins deformed fully-plastically, and thus a uniform contact
pressure distribution was present between the pin tips and the Cu coating, the applied load, Pexp,
was about a factor of 10 or more greater than the yield load, as shown in Table 6.5. If the
applied load is a factor of 10 or greater than the yield load, then the contact pressure distribution
will be uniform [Stronge, 2000]. As shown, for every polymer except for PVC, the applied load
was about a factor of 10 greater than the yield load. For PVC, the applied load was only a factor
of three larger than the yield load, but the PVC pin also deformed fully-plastically since a scratch
was formed on the Cu surface by the PVC pin. It was only necessary to ensure that the applied
load was a factor of 10 greater than the yield load for the polymers that did not scratch Cu.
Another check that the contact pressure was uniform is shown in the last column of Table 6.5,
where the ratio of the average pressure to the polymer hardness is shown. The average pressure
was calculated by using the applied load and measuring the width of contact between the pin and
the Cu coating. Since the average pressure was on the same order of magnitude as the hardness
for each of the polymer pins, then it is known that the contact pressure distribution is uniform
since the pins deformed fully-plastically. For the steel pin, the load given for Pypolymer is the
yield load of the Cu coating, since steel is harder than Cu. It was necessary to apply a load
greater than the yield load of Cu in order for scratching to initiate. Since the steel pin is harder
than the Cu coating, this pin was expected to scratch for any contact pressure distribution so long
as the load applied was larger than the yield load of Cu.
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Material
Steel
PMMA (Acrylic)
PC
PVC
PS
PP
HDPE
PTFE (Teflon)
LDPE
Modulus, E (GPa)
210
2.4
2.5
2.3
2.6
1.2
1.0
0.5
0.3
Table 6.5: Radius of curvature
Hardness, H (GPa) R a (pm)
7.00 4800
0.26 150
0.21 100
0.20 600
0.18 400
0.11 400
0.08 425
0.07 100
0.05 250
and yield loads for each pin.
P r,polymer (N) P y,polymer (g)
0.88 88.1
0.04 4.4
0.01 1.0
0.35 35.2
0.09 8.9
0.10 9.6
0.06 6.0
0.01 0.9
0.06 5.6
P exp (g) P exp /P Y,polymer
100 -
100 23
50 52
100 3
100 11
100 10
50 8
100 113
100 18
P avg /H
0.47
0.14
0.26
0.26
0.23
1.76
0.22
The summary plot in Figure 4.17 is shown with the experimental single asperity data in
Figure 6.13. The ratio of the polymer to coating hardness is plotted on a log scale. The error
bars for the data points represent the range of the ratio of polymer to coating hardness, as given
in Table 6.3. The data points themselves represent the polymer hardness values used to calculate
the yield load. A filled symbol implies that the Cu surface was scratched, whereas an open
symbol indicates that a scratch was not formed. As expected, the steel scratched the Cu for
different values of the coefficient of friction. Since the steel is harder than the Cu, even for a
Hertzian contact pressure distribution, the Cu will yield so long as the load applied is greater
than the yield load of Cu. The polymers however, were of primary interest for this experimental
validation. All of the data points of the polymers should be analyzed with respect to the solid
lines shown in Figure 6.13. The solid lines represent a uniform contact pressure distribution. As
was discussed previously, the applied loads were so large that it was ensured that each of the
polymer pins deformed fully-plastically. The theory presented in Chapter 4 states that any of the
data points below the solid lines should not experience any scratching. The PTFE, LDPE,
HDPE, PP, and PS data all confirm that for these combinations of coefficient of friction and ratio
of polymer hardness to coating hardness, scratching does not occur. Scratching did occur
however, for the PMMA, PC, and PVC data. This makes sense because there is a broad range
for the values of the polymer hardnesses. And, as shown in Figure 6.13, the range of the ratio of
polymer hardness to coating harness overlaps the solid lines for all but the low-friction PMMA
data, which is very close to the solid line. Therefore, these data are just at the transition between
the scratching and no-scratching regions.
6.5 Multi-Asperity, Pad Experiments
In order to validate the pad scratching models presented in Chapters 4 and 5 for multi-
asperity contact, and more specifically in order to validate the summary chart in Figure 4.17, pad
scratching experiments were performed. Samples of a Rohm & Haas IC1000 pad were used to
conduct sliding tests on a Cu wafer using a friction apparatus, as shown in Figure 6.14. The
samples of pads used were either new, or had been broken-in for four hours, as discussed in
Chapter 2. The maximum pad hardness of a Rohm & Haas IC1000 pad is 0.31 GPa, which
means that the ratio of pad hardness to coating hardness for all of these experiments is 0.26. The
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Figure 6.13: Theoretical scratching graph with the single asperity experimental data. The error
bars represent the range in the ratio of polymer hardness to coating hardness.
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Figure 6.14: Sliding friction apparatus.
Table 6.6: Experimental conditions for sliding friction apparatus.
Parameter Value
Cu thickness 1 ptm
Pad Rohm & Haas IC1000
Pad Diameter 0.02 m
Load 2 N
Normal Pressure 5 kPa (0.73 psi)
Velocity 0.005 m/s
Sliding Distance 0.025 m
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pads slid over the 1-pm thick Cu wafer with either no lubricant, water, or a 0.01 molar solution
of SDS present, in order to vary the coefficient of friction. A normal load of 2 N was applied to
the pads, which had a diameter of 0.02 m. This corresponds to about 5 kPa, or 0.73 psi, which is
within a typical range of pressure for CMP. The relative velocity of the pad was 0.005 m/s and
the range of the linear stage was 0.025 m. That means that for every cycle of sliding, the linear
stage, which held the Cu wafer, moved 0.025 m to the left and then 0.025 m to the right, at a
velocity in both directions of 0.005 m/s. Table 6.6 summarizes the experimental conditions for
the multi-asperity pad experiments.
A summary of the experimental runs is shown in Table 6.7. As shown, four different
experiments were performed for a new pad without any lubricant present. For each experiment,
the pad experienced about 15 cycles and the average coefficient of friction was 0.55. For each of
the experiments, a new pad and new Cu wafer were used. Similarly, four different experiments
were conducted for a new pad with water present as the lubricant. And similarly, for each of the
experiments, the pad experienced about 15 cycles. The average coefficient of friction was 0.43.
Four different experiments were then conducted for a broken-in pad, which had been soaked for
4 hours in deionized water, with water present as the lubricant. Once again, the pad experienced
about 15 cycles and the average coefficient of friction was 0.43. Finally, three experiments were
conducted where both new and broken-in pads were used with a solution of SDS. The pad
experienced about 12 cycles, on average, and the average coefficient of friction was 0.19. It
should be noted that there was no measurable difference in the coefficient of friction between
using a 0.01 molar SDS solution (3.2 g SDS / 1 1 H20) or using a SDS solution that was at full
solubility (10 g SDS / 1 1 H2 0). Table 6.8 summarizes the mean and standard deviation of the
coefficient of friction for each of the experimental runs. It should be noted that when water was
used as the lubricant, the coefficient of friction was 0.43 as opposed to 0.55 when no lubricant
was used. This shows that water alone does not decrease the coefficient of friction by very
much. It should also be noted that the act of breaking-in the pad does not affect the coefficient of
friction much. As shown in Table 6.8, when a new pad was used to polish the Cu wafer with
water present, it had the same coefficient of friction as a broken-in pad with water present.
Finally, it should be noted that by using the SDS solution as the lubricant, the coefficient of
friction was significantly reduced to 0.19. It should also be noted that the standard deviation for
the measured coefficients of friction is quite small for all of the experimental testing points.
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Measured coefficient of
lubricant on a Cu coating.
friction for new and broken-in pads with and without
Pad
New
New
New
New
New
New
New
New
Broken-In (soaked 4 hours)
Broken-In (soaked 4 hours)
Broken-In (soaked 4 hours)
Broken-In (soaked 4 hours)
New
New
Broken-In
Lubricant
Dry
Dry
Dry
Dry
Water
Water
Water
Water
Water
Water
Water
Water
0.01 Molar SDS
Full Solubility SDS
Full Solubility SDS
p5
0.53
0.53
0.54
0.58
0.40
0.44
0.42
0.45
0.45
0.45
0.43
0.40
0.20
0.18
0.19
No. of Cycles
15
15
20
16
20
20
16
15
16
20
20
15
15
9
10
Table 6.8: Average and standard deviation of the coefficient of friction for new and broken-in
pads with and without lubricant on a Cu coating.
Pad Lubricant u (Avg.) u (Std. Dev.)
New Dry 0.55 0.02
New Water 0.43 0.02
Broken-In (soaked 4 hours) Water 0.43 0.02
New and Broken-In SDS Solution 0.19 0.01
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Table 6.7:
Images of the Cu wafer surfaces after being polished are shown in Figure 6.15. SEM images
at low magnification and at high magnification are shown of the Cu coating after being polished
for five different experimental conditions: a new pad with no lubricant present, a new pad with
water present, a broken-in pad with water present, a new pad with SDS solution present and a
broken-in pad with SDS solution present. Table 6.9 summarizes the SEM images for the five
different experimental conditions. The fourth column of Table 6.9 shows the value of the largest
scratch semi-width, acmax. The fifth column of Table 6.9 shows the number of scratches found in
an area of 0.03 mm2 that have a semi-width, ac, larger than 1 tm. As shown, the experimental
condition of a new pad with no lubricant present, i.e. "Dry," had a scratch with a maximum semi-
width of 20 pm and there were more than 10 scratches found in an area of 0.03 mm 2 that had a
semi-width larger than 1 ptm. Therefore, fairly severe pad scratching occurred on the Cu wafer.
For the experimental condition of a new pad with water present, the maximum scratch semi-
width was 2 tm and there were about 16 scratches found in an area of 0.03 mm2 that had a semi-
width larger than 1 tm. Therefore, by adding water as the lubricant, and thus slightly
decreasing the coefficient of friction, the maximum scratch semi-width decreased by a factor of
10. For the experimental condition of a broken-in pad with water present, the maximum scratch
semi-width was 2 im and there were about 8 scratches found in an area of 0.03 mm2 that had a
semi-width larger than 1 pm. Therefore, by breaking-in the pad, the number, i.e. frequency, of
scratches decreased compared with using a new pad. This is consistent with the theory that as
the radius of curvature increases, the frequency and severity of scratching will decrease.
Scratching will only be eliminated entirely if every asperity has a radius of curvature which
exceeds a critical value, which is not the case for this broken-in pad, since this pad was
inadequately broken-in. For the experimental condition of a new pad with SDS solution present,
the maximum scratch semi-width was 0.5 pm and there were zero scratches found in an area of
0.03 mm2 that had a semi-width larger than 1 pm. Therefore, by decreasing the coefficient of
friction, even with a new pad, the largest scratch semi-width is about 500 nm and the frequency
of large scratches is essentially zero. And, for the experimental condition of a broken-in pad
with SDS solution present, the maximum scratch semi-width was 0.25 pm and there were zero
scratches found in an area of 0.03 mm 2 that had a semi-width larger than 1 pm. Therefore, when
the coefficient of friction is substantially decreased, it really does not matter if a new or broken-
in pad is used to polish the Cu wafers. As long as the coefficient of friction is low enough, the
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Figure 6.15: SEM images of scratches on Cu coatings as a result of polishing with a pad for
different coefficients of friction and levels of breaking-in a pad.
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Table 6.9: Summary of scratches on Cu coatings for different coefficients of friction and levels
of breaking-in a pad.
Pad Lubricant p a c ,max (pm) No. Scratches a >1 Im in 0.03 mm2
New Dry 0.55 20 >10
New Water 0.43 2 16
Broken-In Water 0.43 2 8
New SDS 0.19 0.5 0
Broken-In SDS 0.19 0.25 0
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maximum scratch semi-width will be small and the frequency of large scratches, i.e. ac > 1 pm,
will be essentially zero. By breaking-in the pad, it is possible to further decrease the size and
severity of scratching, but the coefficient of friction appears to be the more sensitive parameter.
Figure 6.16 shows the summary plot in Figure 4.17 as well as the multi-asperity pad
experimental data. Since the Rohm & Haas IC1000 pad was used for each of the experimental
tests, the ratio of pad hardness to coating hardness is 0.26 for all of the data, as shown in Figure
6.16. And, because even the broken-in pad was not adequately broken-in, all of the experimental
pad data must be compared to the solid lines, which represent a uniform contact pressure
distribution, or fully-plastic asperity deformation, which was present for at least some asperities
in each of the experimental tests. The closed data points mean that scratching did take place on
the coating surface. In this case, scratching is defined as finding a scratch present where ac >
1 pm. The open data points mean that scratching did not take place, i.e. ac,max < 1 [m.
Therefore, only the Cu wafers that were polished with SDS solution present did not experience
scratching, and thus only the experimental points with p ~ 0.20 did not experience scratching, as
shown in Figure 6.16. This is consistent with the theoretical curves shown in Figure 6.16. For
the given ratio of pad to Cu coating hardness, i.e. H,/Hcu = 0.26, only when p is less than about
0.20, is it expected that scratching will not occur. Therefore, these multi-asperity experiments
validate the theory presented in Chapters 4 and 5.
6.6 Summary
In this chapter, the pad scratching theoretical models presented in Chapters 4 and 5 were
experimentally-validated. Four different sets of experiments were conducted. First, blanket Cu
wafers were polished with only water present and then with 3 pm slurry present. The resulting
scratch data showed that the scratches on the Cu coating had essentially the same distribution,
mean size, and standard deviation for when the Cu was polished with just water present and for
when slurry was present. Therefore, it was shown that the pad asperities were the primary source
of severe scratching. The second set of experiments consisted of polishing blanket Cu wafers
with a new and a broken-in pad and with only water present, and then with slurry present. These
experiments also showed that severe scratching occurred when only water was present, further
validating that the pad asperities were the primary source of scratching. These experiments
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Figure 6.16: Theoretical scratching graph with the experimental pad data. The solid points
represent severe scratching on the Cu coating. The empty points indicate minor
scratching on the Cu coatings.
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showed that for a broken-in pad, the severity and frequency of scratching was less than for a new
pad. And, these experiments showed that when slurry was present, and thus the coefficient of
friction had been decreased, the severity and frequency of scratching decreased. These
experiments qualitatively validated the theory presented in Chapters 4 and 5. The third set of
experiments consisted of single asperity polymer pins contacting a Cu wafer. These experiments
validated the curves presented in Figure 4.17 for single asperity contacts. The last set of
experiments consisted of polishing Cu wafers with new and broken-in pads and with different
lubricants present to vary the coefficient of friction. These experiments showed that by
decreasing the coefficient of friction, the severity and frequency of scratching can be drastically
decreased. The experimental data taken from these experiments was compared with the theory
summarized in Figure 4.17 and it was shown that the theory and experimental data agree. Figure
6.17 gives a summary of the scratching by pad theory presented in Chapters 4 and 5 along with
the experimental data.
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Figure 6.17: Theoretical scratching graph with both sets of experimental data: pad polishing and
pin scratching. The error bars represent the range in the ratio of polymer hardness
to coating hardness for the polymer pins. The solid points represent severe
scratching on the Cu coating due to the pad/polymers. The empty points indicate
minor or no scratching on the Cu coating due to the pad/polymers.
171
10.00
1.00 1
0.10
0.01 K
0.0 1.00.2
Nomenclature
ac = scratch semi-width in a coating (in)
acmax =maximum scratch semi-width in a coating (in)
E = Young's modulus (N/m2)
H = hardness (N/m 2)
HCu = hardness of a Cu coating (N/m 2)
Pexp = experimentally-applied normal load (N)
Pr,polymer =yield load for a polymer pin (N)
Pag = average pressure (N/im2
R, = asperity radius of curvature (m)
15 = depth of a scratch in a coating (in)
P = coefficient of friction
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CHAPTER 7
CONCLUSION
7.1 Summary
In this thesis, particle scratching and pad scratching during CuCMP were investigated.
Contact mechanics models, finite element analyses, and statistical methods were used to analyze
the interactions of pad/particle/coating contact and pad/coating contact. The theoretical models
were experimentally validated by polishing experiments on Cu wafers. Based on the models and
experimental results, suggestions have been made to mitigate and/or eliminate particle and pad
scratching in CuCMP.
In Chapter 2, the complete characterization of a CMP pad was presented. For both the
particle scratching and pad scratching models, it is necessary to know the mechanical properties
and topography of a CMP pad, both new and broken-in. Therefore, nano-indentation tests were
performed to determine the pad Young's modulus, the pad hardness, and the ratio of pad modulus
to hardness. These quantities were measured as a function of the number of wafers polished
during the breaking-in process. It was determined that the average value of pad Young's
modulus and hardness decreases by a factor of 2 as a result of breaking-in a pad. However, it
was also determined that the ratio of pad modulus to hardness was essentially unchanged by
breaking-in pad. Profilometer measurements were taken of the pad surface in order to quantify
the roughness and pad asperity radius of curvature. The pad asperity radius of curvature was
measured as a function of the number of wafers polished during the pad breaking-in process. It
was determined that the pad asperity radius of curvature increases by more than a factor of 6 as
result of breaking-in a pad.
Chapter 3 introduced particle scratching models. The minimum scratch semi-width and
depth were determined. More importantly, the maximum scratch semi-width and depth were
determined and it is primarily dependent upon the pad hardness, the coating hardness and the
particle size. Using the expressions for the minimum and maximum scratch semi-width,
theoretical distributions of normalized scratch semi-width were created. Because it is difficult to
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estimate the absolute maximum pad hardness, two different statistical methods were used in
order to approximate the maximum scratch semi-width and depth based on the averages and
standard deviations of slurry particle size and pad hardness. Chapter 3 also presented the
experimental validation of the theoretical maximum scratch semi-width and depth due to particle
scratching. Cu wafers were polished under typical CMP conditions using a 45 nm and 50 nm
slurry. The depth and semi-width of the largest resulting scratch was compared with the largest
expected scratch semi-width and depth. It was shown that particle agglomeration was most
likely not responsible for creating the larger scratches, but that it was possible that the pad
asperities created the larger scratches.
In Chapter 4, the scratching of a hard material by a soft material was modeled. First, it was
assumed that a pad asperity deformed elastically and was at the onset of yielding, thus creating a
Hertzian contact pressure distribution on the surface of the Cu coating. A Hertzian contact
pressure distribution in contact with a coating was analyzed for frictionless and frictional contact.
The location and magnitude of the maximum shear and Mises stresses was determined for both
cases. Then, the maximum pressure that can be applied by the pad before the coating yields was
calculated. The maximum pressure was then related to the hardness of the pad. It was then
assumed that the pad asperity deforms fully-plastically, thus creating a uniform pressure
distribution on the surface of the Cu coating. A uniform pressure distribution in contact with a
coating was analyzed for frictionless and frictional contact using closed form contact mechanics
analyses and finite element analyses, respectively. The location and magnitude of the maximum
shear and Mises stresses was determined for both frictionless and frictional contact. Then, the
maximum pressure that can be applied by the pad asperity due to a uniform pressure distribution
before the coating yields was calculated. The maximum pressure was then related to the
hardness of the pad. Using these analyses, expressions were developed that determine whether
or not scratching will take place on a Cu coating based upon the coating hardness, the pad
hardness, the coefficient of friction, and the type of contact pressure distribution, i.e. Hertzian or
uniform.
Chapter 5 presented statistical methods that were used to relate the pad asperity radius of
curvature to the type of deformation the asperity experiences, which is related to the contact
pressure distribution. In order to determine whether the pad asperities deform elastically or
fully-plastically, multiple-asperities in contact with a planar surface were modeled using a theory
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due to Greenwood and Williamson. Four different asperity height distributions were analyzed.
Using the modified statistical analysis, it was possible to relate the pad asperity radius of
curvature to the type of pad deformation and subsequently the type of contact pressure
distribution, i.e. Hertzian or uniform. It was determined that if the radius of curvature of all of
the pad asperities exceeded a critical value of radius of curvature, then the Hertzian contact
distribution can be used to analyze pad scratching. However, if any of the pad asperities have a
radius of curvature less than the critical value, then, to be conservative, the uniform pressure
distribution must be used to analyze pad scratching. Therefore, expressions relating the ratio of
pad hardness to coating hardness, the coefficient of friction, and the asperity radius of curvature
to coating scratching were developed.
Chapter 6 presented the experimental validation of the pad scratching theory developed in
Chapters 4 and 5. Four different sets of experiments were conducted using Cu wafers to validate
the models. The first set of experiments compared the geometry of scratches found on a Cu
wafer after being polished with just water to the scratches found on a wafer after being polished
with 3 Rm slurry. It was determined that the scratch geometry was the same and that therefore,
the pad was responsible for the severe scratches present on the wafer surface. The second set of
experiments compared the geometry of the scratches present on Cu wafers after they had been
polished by a new pad with water, a new pad with slurry, a broken-in pad with water and a
broken-in pad with slurry. It was shown that these experiments qualitatively validate the pad
scratching theory presented in Chapters 4 and 5. The third set of experiments validated the pad
scratching theory for single asperity contacts. Polymer pins of different materials were slid
across the surface of Cu wafers and the resulting scratches, asperity radius of curvature, pin
hardness, and coefficient of friction were measured. The last set of experiments consisted of
polishing Cu wafers with new and broken-in CMP pads with different lubricants present in order
to alter the coefficient of friction. The size and frequency of the scratches were measured, along
with the coefficient of friction, and the material properties and topography of the pad. The
experimental results were then used to validate the pad scratching theory.
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7.2 Suggestions for Mitigating Scratching in CuCMP
Based on the developed pad scratching and particle scratching models, as well as the
experiments, there are a few suggestions that should be followed to decrease scratching in
CuCMP.
The first goal should be to eliminate pad scratching entirely, since pad scratching is not
required for material removal. In order to eliminate pad scratching, the maximum pad hardness
should be kept at a minimum, the coefficient of friction between the pad and coating should also
be kept at a minimum, and the pad asperities should be broken-in such that they increase in
radius.
The second goal should be to control particle scratching. Particle scratching needs to occur
in order for the CMP process to properly work. However, the maximum scratch geometry due to
particle scratching can and should be controlled. In order to control the maximum particle
scratch size, the maximum pad hardness and maximum particle size should be decreased such
that the maximum scratch size is located in the range of tolerated scratches.
The following recommendations are made for a typical Rohm & Haas IC1000 pad for
mitigating scratching in CuCMP:
(a) Break-in the pad such that the smallest asperity radius of curvature is about 200 [Lm,
(b) Use a pad that has a maximum pad hardness of about 0.3 GPa,
(c) Use a lubricant in the slurry such that the coefficient of friction is less than 0.2, and
(d) Use a slurry that has a maximum agglomerated particle size of 50 nm.
If the above four conditions are satisfied, then scratching by pad asperities should be
completely eliminated and the largest scratch due to particle scratching will have a semi-width of
about 25 nm and a depth of about 12 nm.
It may be noted that by adding a lubricant to the slurry, and thus decreasing the coefficient of
friction to less than 0.2, pad scratching will be mitigated, but the material removal rate of the
CMP process may be reduced as well [DeNardis et al., 2003; Mullany and Byrne, 2003;
Philipossian and Olsen, 2003].
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7.3 Original Contributions
Analytical expressions for the maximum scratch semi-width and depth due to particle
scratching are original contributions to the field of CMP. There have been papers published that
assume that the largest scratch semi-width can be equal to the radius of the particle. This is not
valid so long as the pad is softer than the coating. Therefore, the idea that the maximum
geometry of a scratch due to particle scratching is less than the radius of the particle is novel.
Furthermore, creating theoretical distributions of expected scratch geometry has not been
published.
The idea that the pad asperities themselves, and not the agglomerated slurry particles, are
responsible for the severe scratches found on Cu wafers during CMP is a completely new idea.
There have not been any published papers on pad scratching in CMP. Furthermore, the idea of a
soft material scratching a hard material, under certain conditions, is a novel research topic that
has not been heavily investigated.
The analysis of a uniform pressure profile in contact with a coating with friction present is
not completely new, since a few other people have worked on this contact mechanics problem in
the past. However, explicit expressions for the location and magnitude of the maximum shear
and Mises stresses have not been found in the literature. And, applying any of the analyses in
Chapter 4 to the field of CMP, i.e. a Hertzian pressure distribution or uniform pressure
distribution used to represent an elastic or fully-plastic pad asperity in contact with a Cu wafer, is
completely new. It does not appear that anybody else in the CMP community is analyzing pad
scratching, or any type of contact pressure distribution in contact with a coating.
Developing an expression that shows that a soft material can scratch a hard material
depending on the ratio of pad hardness to coating hardness, coefficient of friction, and asperity
radius of curvature is a completely original idea.
The modified Greenwood-Williamson models presented in Chapter 5 are novel. Many
people have researched, and used, the Greenwood-Williamson models. However, most people
assume a given value for asperity radius of curvature and assume the asperities deform elastically
and then use the models to determine the real area of contact or the total load. The models
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presented in Chapter 5 are used to solve for the radius of curvature such that the tallest asperity is
at the onset of yielding. Adapting the models for that analysis is original.
The complete characterization of the CMP pad is novel. There have been some papers
published on pad roughness and bulk modulus. However, measuring the pad modulus and pad
hardness at the nano-scale, as a function of the number of wafers polished, has not been
published in the literature. Furthermore, there have not been any published papers that
extensively quantify the pad asperity radius of curvature, which is a critical value for the pad
scratching problem.
The idea of rapidly breaking-in a pad by using a dedicated machine, or by increasing the
pressure or velocity is a novel idea. Furthermore, the idea of molding a pad from scratch that has
the desired geometry is not done in practice, and therefore appears to be a novel idea to the field
of CMP.
7.4 Suggestions for Future Work
Based on the scratching models and the experiments presented in this thesis, further research
in the following areas is recommended to reduce scratching during the CMP process: rapidly
breaking-in a pad, pad molding, particle agglomeration, and other applications.
Rapidly Breaking-In a Pad: In this thesis, it was shown that scratching severity and
frequency can be reduced if the pad asperity radius of curvature is increased to beyond a critical
value. At present, the processes of breaking-in a pad that industry uses to accomplish this goal
are slow and costly in terms of time and quantity of expensive and harmful consumables used.
Appendix H discusses the idea of building a dedicated machine to break-in a pad so that
polishing time is not wasted. Furthermore, the idea of rapidly breaking-in a pad should be
investigated. It may be possible to decrease breaking-in time by a factor of 10 or 20 by
increasing the breaking-in pressure and velocity.
Pad Molding: In Chapter 5 of this thesis, it was shown that using a pad with asperities of
identical heights would be ideal in terms of breaking-in a pad, because the asperities could then
have smaller radii of curvature and not scratch. Therefore, instead of manufacturing a pad that
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has a large standard deviation of asperity heights and radii of curvatures, each pad should be
manufactured such that the heights and curvatures of each asperity are tightly controlled. A
possible molding process is suggested in Appendix I. By properly manufacturing pads, the
costly process of breaking-in a pad can be avoided all together and furthermore, scratching can
be more tightly controlled.
Particle Agglomeration: Chapter 3 of this thesis showed that the maximum scratch
geometry due to particle scratching depends upon the pad hardness, the coating hardness and the
size of the slurry particles. Therefore, there is only so much that can be changed on the pad in
order to control particle scratching. In the end, if large particle agglomerates are present in the
slurry, then large scratches can be created on the wafer surface. Therefore, research in anti-
agglomerating lubricants should be continued in order to ensure that particle scratching can be
minimized.
Other Applications: This thesis presented models and experimental validation that showed
it was possible for a soft material to scratch a hard material under certain conditions. There are
other applications such as MEMS, VLTs and STI polishing that require precision planarization
that would find this research useful. Only slight modifications to this theory would need to be
made to analyze pad and particle scratching in any other planarization process.
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APPENDIX A
PAD CHARACTERIZATION DATA
Table A. 1 contains all of the experimental data from the indentation tests. The table contains
the pad modulus, pad hardness, and ratio of pad modulus to pad hardness for a new pad, semi-
broken-in pad, and broken-in pad. Furthermore, the table contains all of this data for both wet
and dry indentation tests. The wet data implies that the pad samples were submerged in water
for 300 seconds prior to being indented, whereas the dry samples were not submerged in water.
Table A.1 provides the summary statistics for all of the wet and dry experimental data as well.
As can be seen from the summary statistics, there is not a significant difference between
measuring the pad modulus and hardness from a dry versus wet sample.
Table A.2 contains all of the experimental data from the profilometer measurements. The
table contains the asperity radius of curvature values for a new pad, a semi-broken-in pad, and a
broken-in pad. Furthermore, the table contains all of the data for both wet and dry profilometer
tests. Table A.2 also lists the summary statistics of all of the wet and dry experimental data as
well. As can be seen from the summary statistics, there is not a significant difference between
measuring the pad asperity radius of curvature from a dry versus wet pad sample.
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Table A. 1: Mechanical properties for wet and dry new, semi-broken-in, and broken-in pads.
Dry Semi-Broken-In Pad Dry Broken-In Pad Wet New Pad Wet Semi-Broken-In Pad
E, (GPa) H, (GPa) E,/H, E, (GPa) H, (GPa) E,/H, E, (GPa) H, (GPa) E,/H, E, (GPa) H, (GPa) E,/H,
0.05 0.01 5.70 0.05
Dry New Pad
E, (GPa) H, (GPa) E,/H,
0.06 0.02 3.52
0.08 0.02 4.38
0.08 0.02 4.59
0.06 0.01 4.67
0.17 0.03 4.88
0.09 0.02 5.39
0.07 0.01 5.52
0.09 0.02 5.56
0.15 0.03 5.68
0.10 0.02 5.74
0.23 0.04 5.82
0.22 0.04 5.82
0.09 0.01 6.20
0.09 0.01 6.25
0.17 0.03 6.33
0.14 0.02 6.72
0.14 0.02 6.81
0.15 0.02 6.99
0.14 0.02 7.04
0.21 0.03 7.31
0.31 0.04 7.69
0.76 0.09 8.31
0.21 0.02 8.77
0.44 0.05 8.83
0.30 0.03 8.86
0.12 0.01 9.07
0.38 0.04 9.30
0.17 0.02 9.38
0.09 0.01 9.56
0.24 0.02 9.57
1.13 0.12 9.77
1.06 0.11 9.95
1.03 0.10 10.15
1.45 0.14 10.18
0.25 0.02 10.27
1.91 0.17 10.94
0.27 0.02 11.04
1.00 0.09 11.35
0.84 0.07 11.51
1.04 0.09 11.60
1.03 0.09 11.92
0.53 0.04 12.02
0.08 0.01 12.02
1.58 0.13 12.07
1.80 0.15 12.08
0.48 0.04 12.10
0.98 0.08 12.21
1.62 0.13 12.57
0.23 0.02 12.68
0.11 0.01 12.73
2.28 0.18 12.80
0.18 0.01 12.84
0.76 0.06 12.87
1.24 0.09 13.15
0.06
0.07
0.08
0.09
0.09
0.10
0.10
0.11
0.11
0.11
0.12
0.13
0.14
0.14
0.15
0.15
0.16
0.16
0.17
0.17
0.18
0.18
0.22
0.23
0.26
0.27
0.30
0.32
0.32
0.35
0.36
0.39
0.39
0.42
0.42
0.42
0.43
0.43
0.47
0.48
0.48
0.50
0.50
0.52
0.53
0.53
0.53
0.54
0.54
0.55
0.56
0.58
0.59
0.02
0.01
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.05
0.03
0.02
0.02
0.03
0.01
0.03
0.02
0.02
0.01
0.02
0.03
0.03
0.02
0.03
0.03
0.04
0.02
0.04
0.02
0.02
0.02
0.04
0.03
0.04
0.03
0.03
0.03
0.03
0.04
0.02
0.04
0.03
0.03
0.04
0.03
0.04
0.05
0.03
3.55
5.16
3.44
5.22
6.87
7.09
9.49
6.72
6.23
7.11
6.93
5.87
8.83
7.81
3.29
5.60
9.02
6.96
6.39
12.93
6.73
8.90
11.03
16.62
13.18
10.61
10.08
16.49
10.01
13.66
8.17
20.69
9.88
20.37
18.24
18.77
11.88
16.01
12.96
15.37
15.27
17.82
15.41
12.35
22.23
14.90
16.92
15.47
14.14
17.08
13.03
12.64
18.25
0.08
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.09
0.10
0.10
0.10
0.10
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.12
0.12
0.13
0.13
0.13
0.13
0.13
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.15
0.15
0.15
0.16
0.16
0.17
0.17
0.17
0.17
0.17
0.17
0.18
0.18
0.19
0.19
0.20
0.20
0.21
0.01 4.21
0.01 6.04
0.02 4.61
0.01 8.02
0.01 9.01
0.01 11.59
0.02 4.86
0.01 6.67
0.01 8.48
0.01 10.99
0.02 5.32
0.02 5.28
0.02 5.28
0.01 11.87
0.01 7.08
0.01 11.14
0.02 5.03
0.02 6.28
0.01 11.00
0.02 6.86
0.02 5.73
0.02 4.90
0.02 7.54
0.03 4.86
0.02 7.04
0.01 12.81
0.02 7.40
0.02 6.40
0.02 6.36
0.03 4.27
0.02 7.42
0.02 9.22
0.01 14.31
0.02 7.79
0.02 5.86
0.02 8.09
0.01 10.21
0.02 7.33
0.01 13.41
0.01 11.15
0.01 14.81
0.01 12.00
0.01 11.68
0.02 10.71
0.01 14.30
0.03 6.26
0.03 5.64
0.02 8.49
0.03 5.42
0.01 19.42
0.02 12.27
0.02 11.88
0.01 18.50
0.02 9.91
0.03
0.05
0.06
0.07
0.08
0.08
0.08
0.08
0.08
0.09
0.10
0.12
0.12
0.12
0.12
0.16
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.25
0.27
0.27
0.28
0.28
0.29
0.29
0.29
0.30
0.32
0.32
0.32
0.32
0.33
0.33
0.34
0.34
0.35
0.38
0.39
0.40
0.41
0.42
0.42
0.43
0.44
0.54
0.56
0.01
0.01
0.02
0.02
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.02
0.03
0.02
0.01
0.02
0.05
0.01
0.01
0.02
0.04
0.02
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.02
0.02
0.03
0.02
0.03
0.04
0.02
0.03
0.04
0.02
0.03
0.03
0.05
0.03
0.04
0.03
3.16
4.77
3.66
4.12
5.85
8.02
4.93
4.56
4.65
5.37
3.92
6.53
17.71
7.66
19.85
10.93
16.42
8.92
6.18
12.40
17.10
12.39
4.86
21.82
28.18
16.08
6.85
11.59
17.49
11.16
14.88
12.67
13.17
13.36
16.36
12.10
10.78
11.97
19.57
16.24
12.13
18.25
11.82
8.05
19.30
14.08
9.57
21.11
13.02
16.56
8.54
17.29
14.69
18.36
0.04
0.08
0.08
0.08
0.09
0.11
0.11
0.12
0.12
0.13
0.13
0.13
0.14
0.15
0.15
0.16
0.17
0.17
0.19
0.21
0.21
0.21
0.23
0.23
0.25
0.26
0.26
0.27
0.27
0.29
0.29
0.30
0.31
0.32
0.33
0.33
0.35
0.37
0.37
0.37
0.38
0.39
0.40
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.42
0.42
0.43
0.43
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.03
0.01
0.02
0.02
0.02
0.01
0.03
0.02
0.04
0.02
0.01
0.02
0.02
0.02
0.03
0.02
0.02
0.05
0.03
0.02
0.03
0.05
0.04
0.02
0.03
0.02
0.02
0.02
0.03
0.04
0.04
0.05
0.04
0.04
0.03
0.05
0.04
0.04
0.05
0.03
0.04
0.06
3.89
4.85
5.77
5.71
7.61
8.49
9.83
15.40
13.35
8.97
6.77
8.40
5.69
16.16
7.83
7.00
7.58
16.59
7.59
10.17
5.68
13.32
15.74
12.11
10.38
13.89
9.10
12.41
14.34
6.38
10.12
19.56
11.42
7.15
8.39
17.39
12.22
16.60
17.83
14.80
10.94
11.07
8.94
7.52
10.44
9.26
14.82
8.06
9.36
9.84
8.18
16.39
10.74
7.70
Wet Broken-In Pad
E, (GPa) H, (GPa) E,/H,
0.06 0.01 4.16
0.10 0.02 5.05
0.07 0.01 5.07
0.08 0.02 5.18
0.10 0.02 5.28
0.10 0.02 5.42
0.11 0.02 5.46
0.12 0.02 6.11
0.20 0.03 6.16
0.13 0.02 6.27
0.12 0.02 6.30
0.21 0.03 6.41
0.08 0.01 6.48
0.18 0.03 6.73
0.07 0.01 6.76
0.67 0.09 7.30
0.20 0.03 7.43
0.38 0.05 7.43
0.13 0.02 7.48
0.13 0.02 7.54
0.21 0.03 7.54
0.14 0.02 7.63
0.21 0.03 7.73
0.26 0.03 7.82
0.27 0.03 8.28
0.30 0.04 8.35
0.13 0.02 8.48
0.20 0.02 8.56
0.31 0.04 8.62
0.28 0.03 8.81
0.40 0.05 8.82
0.24 0.03 8.83
0.23 0.03 8.87
0.24 0.03 8.89
0.20 0.02 8.94
0.37 0.04 9.05
0.24 0.03 9.08
0.13 0.01 9.10
0.23 0.03 9.12
0.13 0.01 9.17
1.90 0.20 9.69
0.10 0.01 9.98
0.20 0.02 10.39
0.24 0.02 10.45
0.35 0.03 10.70
0.28 0.03 10.73
0.29 0.03 10.81
0.27 0.03 10.82
0.25 0.02 10.91
0.27 0.02 10.95
0.33 0.03 10.97
0.24 0.02 11.03
1.31 0.11 11.51
0.17 0.01 11.61
0.08 13.65
0.02 13.73
0.08 13.75
0.06 13.83
0.08 13.83
0.14 13.97
0.09 14.16
0.04 14.32
0.09 14.38
0.12 14.46
0.04 14.94
0.07 15.34
0.03 15.37
0.06 15.93
0.06 15.94
0.04 16.15
0.02 16.16
0.05 16.20
0.05 16.49
0.04 16.66
0.08 16.77
0.06 16.82
0.04 16.86
0.06 16.91
0.04 17.00
0.01 17.00
0.04 17.15
0.03 17.23
0.03 17.55
0.03 17.63
0.04 18.35
0.02 18.77
0.03 19.14
0.06 19.36
0.04 19.60
0.02 19.90
0.05 20.52
0.03 20.72
0.05 21.33
0.01 21.99
0.05 22.79
0.05 23.41
0.03 28.51
0.03 29.71
0.01 32.15
0.05 13.05
0.18 32.15
0.01 3.52
0.04 12.73
0.04 5.67
0.01 1.11
1.36 0.73
1.45 0.93
Mean
Max
Min
Median
Std. Dev.
95% C.I.
Skewness
Kurtosis
0.59
0.61
0.67
0.69
0.75
0.77
0.77
0.77
0.84
0.84
0.87
0.88
0.90
0.94
0.95
0.96
0.97
0.98
0.98
1.02
1.04
1.05
1.07
1.11
1.13
1.14
1.14
1.15
1.21
1.24
1.25
1.27
1.28
1.35
1.41
1.47
1.47
1.50
1.62
1.67
1.68
1.75
1.85
1.89
2.09
0.68
2.09
0.05
0.54
0.51
0.10
0.73
-0.28
0.04 15.82
0.04 16.92
0.04 15.90
0.04 15.72
0.04 19.01
0.03 22.98
0.04 21.46
0.05 17.19
0.05 17.19
0.05 17.03
0.05 18.25
0.05 17.36
0.07 12.53
0.07 12.78
0.06 14.92
0.08 12.01
0.05 21.11
0.09 10.74
0.06 17.37
0.04 27.75
0.08 13.00
0.03 34.70
0.05 20.45
0.09 12.44
0.10 11.11
0.05 22.59
0.09 12.93
0.09 13.19
0.09 13.84
0.05 23.97
0.08 15.12
0.10 13.16
0.09 14.43
0.12 11.08
0.08 17.70
0.10 15.04
0.07 19.72
0.10 15.42
0.14 11.64
0.13 12.97
0.14 11.97
0.12 14.74
0.08 22.03
0.11 17.81
0.15 14.31
0.05 13.79
0.15 34.70
0.01 3.29
0.04 13.66
0.03 5.53
0.01 1.08
1.21 0.51
0.69 1.15
0.02 9.83
0.03 8.35
0.03 6.73
0.01 14.97
0.02 14.96
0.03 8.41
0.02 11.44
0.03 8.30
0.02 12.44
0.05 5.13
0.03 9.39
0.02 16.97
0.01 25.95
0.02 13.55
0.03 10.32
0.02 13.91
0.02 11.79
0.02 13.04
0.02 11.90
0.03 11.71
0.03 11.63
0.03 10.32
0.05 8.09
0.03 14.87
0.03 12.55
0.03 12.40
0.03 16.95
0.04 11.59
0.03 14.54
0.04 11.32
0.04 12.45
0.06 8.37
0.03 14.15
0.05 10.64
0.04 13.11
0.03 15.89
0.04 14.71
0.07 8.46
0.05 11.40
0.06 10.33
0.05 12.39
0.08 9.41
0.06 11.83
0.07 11.91
0.10 10.14
0.03 10.22
0.10 25.95
0.01 4.21
0.02 10.32
0.02 3.82
0.00 0.75
2.06 0.81
5.39 1.76
0.04
0.04
0.04
0.04
0.04
0.06
0.06
0.07
0.04
0.03
0.06
0.04
0.04
0.04
0.05
0.03
0.04
0.05
0.08
0.07
0.05
0.04
0.05
0.06
0.10
0.06
0.08
0.06
0.10
0.08
0.10
0.11
0.14
0.08
0.10
0.13
0.09
0.12
0.11
0.11
0.16
0.20
0.23
0.18
0.31
0.05
0.31
0.01
0.03
0.05
0.01
2.52
8.09
13.63
14.10
16.36
14.75
15.06
10.54
10.61
9.46
16.41
25.85
11.92
16.33
16.83
20.25
15.16
22.91
17.91
15.01
10.83
11.34
18.87
23.00
19.83
18.12
10.33
18.05
13.00
18.82
12.42
15.54
12.52
11.46
9.57
15.71
13.49
10.88
15.92
13.83
14.96
17.21
13.24
11.45
10.72
13.83
8.20
13.30
28.18
3.16
13.24
5.12
1.00
0.11
0.00
0.44
0.44
0.45
0.45
0.45
0.46
0.47
0.47
0.47
0.48
0.48
0.52
0.52
0.52
0.55
0.57
0.66
0.70
0.77
0.79
0.80
0.83
0.84
0.89
0.90
0.91
0.94
0.95
0.96
0.96
0.98
1.04
1.15
1.27
1.49
1.52
1.59
1.60
1.63
1.65
1.73
1.75
1.81
1.91
2.16
0.58
2.16
0.04
0.41
0.49
0.10
1.46
1.41
0.05 7.97
0.06 7.30
0.04 10.41
0.06 7.08
0.03 15.83
0.06 7.46
0.04 10.67
0.05 9.68
0.05 9.60
0.03 15.18
0.05 8.76
0.02 25.45
0.05 10.10
0.04 12.86
0.05 11.13
0.05 10.90
0.06 11.47
0.03 20.40
0.06 13.59
0.06 13.27
0.05 17.46
0.05 16.71
0.04 19.95
0.05 18.02
0.08 11.19
0.06 14.57
0.04 23.04
0.08 11.72
0.05 18.02
0.07 14.73
0.05 21.45
0.05 21.25
0.06 20.78
0.06 22.27
0.12 12.60
0.07 22.62
0.09 16.77
0.17 9.62
0.14 11.40
0.12 13.71
0.10 16.97
0.12 14.33
0.15 12.28
0.14 13.71
0.14 15.36
0.05 12.32
0.17 25.45
0.01 3.89
0.04 11.40
0.03 4.68
0.01 0.92
1.70 0.61
2.91 -0.20
0.21
0.45
0.22
1.27
0.74
0.55
0.18
0.25
0.41
0.25
0.40
0.30
0.20
0.39
0.33
0.21
0.30
0.20
0.23
0.50
0.24
0.38
0.81
0.17
0.57
0.53
0.26
0.78
1.71
1.00
0.56
0.18
0.60
0.18
0.14
0.98
0.32
0.33
0.53
0.35
0.28
0.18
0.38
0.30
0.34
0.34
1.90
0.06
0.25
0.31
0.06
2.88
9.77
0.02 11.67
0.04 11.76
0.02 11.86
0.11 11.94
0.06 11.95
0.05 11.99
0.01 12.19
0.02 12.38
0.03 12.51
0.02 12.77
0.03 12.91
0.02 12.94
0.02 13.23
0.03 13.30
0.02 13.44
0.02 13.46
0.02 13.52
0.01 13.87
0.02 13.94
0.04 13.99
0.02 14.20
0.03 14.21
0.06 14.64
0.01 14.71
0.04 14.75
0.04 14.78
0.02 14.83
0.05 15.00
0.11 15.01
0.06 15.82
0.03 16.74
0.01 17.43
0.03 18.05
0.01 18.55
0.01 19.05
0.05 19.73
0.02 20.03
0.02 20.15
0.02 22.43
0.02 23.37
0.01 23.61
0.01 24.48
0.02 24.90
0.01 28.81
0.01 39.84
0.03 11.99
0.20 39.84
0.01 4.16
0.02 10.95
0.03 5.70
0.01 1.12
3.73 1.83
18.08 5.44
~ ~ '
- -~ ~~
Table A.2: Radius of curvature measurements for wet and dry new, semi-broken-in, and broken-
in pads.
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Mean
Max
Min
Median
Std. Dev.
95% C.I.
Skewness
Kurtosis
Dry New (pm)
12.7
19.0
21.9
32.0
18.0
11.8
14.2
20.0
18.7
7.0
15.3
11.7
11.2
24.6
17.9
10.3
27.9
10.4
6.7
36.7
27.3
8.2
14.7
24.6
8.7
14.8
9.6
10.5
19.3
9.1
13.1
7.4
13.2
10.3
9.4
10.4
10.6
29.5
10.3
18.8
15.7
36.7
6.7
13.2
7.5
2.3
1.1
0.5
Dry Semi-Broken-In (pm) Dry Broken-In (pm)
19.1 41.0
20.0 61.0
20.1 21.0
20.1 116.0
20.3 90.0
20.4 84.0
20.7 62.0
21.0 45.0
21.3 61.0
21.6 100.3
21.6 56.3
22.8 40.2
24.0 62.7
24.8 49.3
26.1 56.2
27.7 61.8
28.0 59.4
29.0 135.4
30.0 123.2
30.2 74.7
31.3 127.3
32.0 80.3
33.4 45.3
34.3 67.3
35.0 90.1
35.4 119.5
36.6 77.3
38.0 51.6
41.5 57.8
44.4 69.7
46.7 124.5
47.2 105.5
47.8 63.1
48.7 90.4
51.2 160.6
53.3 129.4
60.8 46.7
61.4 54.5
61.5 83.8
65.0 55.5
34.4 77.5
65.0 160.6
19.1 21.0
30.8 65.2
13.7 31.8
4.2 9.9
0.8 0.8
-0.5 -0.1
Wet New (pm)
32.0
10.0
9.2
19.4
11.1
21.5
15.4
43.0
34.4
13.9
19.8
10.8
10.6
7.3
10.5
12.8
17.5
18.1
11.1
15.1
19.3
22.3
26.7
20.5
13.4
18.4
13.8
28.2
15.3
26.1
29.5
12.2
23.1
10.8
16.7
16.4
13.0
7.0
22.3
25.8
18.1
43.0
7.0
16.6
8.0
2.5
1.1
1.2
Wet Semi-Broken-In (pm) Wet Broken-In (pm)
36.0 127.0
15.0 54.0
173.0 64.0
34.0 120.0
44.0 143.0
67.0 136.0
52.0 58.0
25.0 54.0
36.0 67.0
36.0 86.2
57.0 126.0
79.0 144.0
69.5 81.0
34.3 96.2
19.0 113.6
25.0 77.4
59.6 35.7
70.2 211.4
16.8 157.4
23.0 148.1
31.0 136.3
23.3 93.9
32.8 165.3
42.1 114.2
22.0 181.7
32.3 100.1
29.3 13.9
50.4 43.4
20.1 57.3
49.2 37.4
83.7 56.8
23.0 28.8
27.0 30.6
36.0 75.1
35.8 40.3
27.9 79.7
30.1 146.8
49.7 68.6
57.4 53.8
38.2 95.8
42.8 93.0
173.0 211.4
15.0 13.9
35.9 83.6
27.4 47.3
8.5 14.7
3.0 0.5
12.5 -0.5
APPENDIX B
MODELING ASPERITY WEAR DURING PAD BREAK-IN
The theory presented in Section 5.3 shows that the pad asperity radius of curvature needs to
be larger than a critical value in order for a sufficient number of asperities to support the applied
load and yet deform elastically. Therefore, in order to determine how the asperity radius of
curvature increases as a function of breaking-in time, the wear rate of a pad asperity is analyzed.
The material removal rate of a pad asperity is given by the Preston equation [Preston, 1927]:
dh
= kpy (B.1)
dt
where h is the height of the pad asperity removed, t is the time, k, is the Preston constant, p is the
breaking-in pressure, and v is the breaking-in velocity of the pad. Equation (B. 1) can be
modified by using the real area of contact of a pad asperity, Ar:
dV
= kpvA, (B.2)
dt
where V is the volume of pad asperity removed during the break-in process and k is a constant.
If it is assumed that the pad asperity is hemi-spherical, then the change in volume can be related
to the change in the asperity radius of curvature, Ra:
dV = 2;rRa2 dR (B.3)
Substituting Eq. (B.3) into Eq. (B.2):
RadR, kpvA,dt (B.4)
2;r
In order to integrate Eq. (B.4), the real area of contact must be written as an explicit function of
the asperity radius of curvature. Two different cases are analyzed in order to relate the real area
of contact to the radius of curvature. The first case assumes that the asperity deforms elastically
during the breaking-in process and that a low concentration of abrasive particles is present at the
interface, as shown in Figure B.1(a). The second case assumes that the asperity deforms
elastically during the breaking-in process and that there is a high concentration of abrasive
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a
(b)
Figure B. 1: (a) A pad asperity deforms elastically during the breaking-in process and a dilute
concentration of abrasive particles is present in the slurry. (b) A pad asperity deforms
elastically during the breaking-in process and a high concentration of abrasive
particles is present in the slurry.
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particles present in the slurry, as shown in Figure B. 1(b).
B.1 Breaking-In with a Dilute Concentration of Abrasive Particles
The real contact area of the asperity shown in Figure B. 1(a) is given by:
A, = nraR 2 (B.5)
where n is the number of particles present between the asperity and the coating and aR is the
radius of the contact area of a particle with the pad asperity. The semi-width of contact of a
particle can be determined using Hertzian analysis and is given as:
aRI 3PR (B.6)
4 E,
where PR is the normal load on a particle and R is the radius of a particle. The normal load per
particle is related to the normal load on the asperity by force balance:
P =nPR (B.7)
Furthermore, the normal load per asperity is related to the breaking-in pressure and the pitch of
asperities by:
P =p (B.8)
Substituting Eqs. (B.6), (B.7), and (B.8) into Eq. (B.5) gives:
Ar =/n " R (B.9)
'4 E,
The approximate number of particles between an asperity and the coating is:
2
n = Ra2 (B.10)
AR 2
where a is the radius of the asperity contact area, given by Eq. (4.7) and AR is the pitch of the
particles. The pitch of the particles can be related to the radius of the particles and the volume
fraction of the particles in the slurry, vI, by [Eusner, 2008]:
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AR 2 __ R2 (B.11)3v,
Equations (4.7), (B.9), (B.10), and (B. 11) can be combined:
A, =r ;T()3(3)' 2Y vf)1/ (R )YE (B. 12)
Equation (B. 12) gives an expression for the real contact area of the asperity as a function of the
asperity radius of curvature. Equation (B. 12) can be substituted into Eq. (B.4):
Ra1Y dR a-2 2 4(kpv) (vf 3dt (B. 13)
Equation (B. 13) can now be integrated from the initial asperity radius of curvature, R:
R 9dRa= (3) (kpv)(vf )3dt (B.14)
R, 0( 2 4 EP
which simplifies to:
Ra5  = K kpv)(vf ) t+R,29  (B.15)
Equation (B.15) takes the form of:
25
Ra 9 =At+B (B.16)
where
A =(25(3IJ 3) ' ' (kpv)(vf)3 (B. 17)
and
25
B = Ri (B.18)
Therefore, the breaking-in time, the pitch of the asperities, the Young's modulus of the pad, the
breaking-in pressure, the pad velocity, and the volume fraction of slurry particles affect the rate
at which the asperity radius of curvature increases during the breaking-in process. It may be
noted that the asperity radius of curvature increases with time at less than a linear rate. This is
intuitively obvious because as time increases, the real contact area of the pad increases and it
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becomes ever more difficult to remove a given thickness of pad material.
B.2 Breaking-In with a Large Concentration of Abrasive Particles
The real contact area of the asperity shown in Figure B. 1(b) is given by:
A, = rca 2  (B.19)
Equation (4.7) can be substituted into Eq. (B. 19) to give:
A, = ; " (R) 2 3 (B.20)
4 E,
Equations (B.8) and (B.20) can be substituted into Eq. (B.4) to give:
Ra 3dR kpv! dt (B.21)
which can be integrated from the initial asperity radius of curvature:
SRa 3dRa = kpv! 1 dt (B.22)
Rj 0 P _
Equation (B.22) simplifies to:
Ra kpv t + R, 3  (B.23)
Equation (B.23) takes the form of:
R = At+B (B.24)
where
A 4Y(J= /kPv ], 3 (B.25)
and
7Z
B = R (B.26)
Therefore, the rate at which the asperity radius of curvature increases during the breaking-in
process depends upon the same parameters as the result in Section E.1, except for the volume
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fraction of particles. The reason is that it is assumed that the concentration of particles is so
large, that there are particles everywhere between the pad/coating interface. It may be noted that
once again, the asperity radius of curvature increases with time at less than a linear rate.
Comparing Eq. (B.24) and Eq. (B.16), it appears that the breaking-in time is proportional to the
radius of curvature raised to a power between two and three.
B.3 Experimental Validation
Figure 2.18 in Chapter 2 shows the experimental plot of the average pad asperity radius of
curvature as a function of the number of wafers polished. It takes about 180 seconds to polish
one wafer. Therefore, Figure 2.18 shows how the average asperity radius of curvature increases
as a function of breaking-in time.
In order to validate Eq. (B. 16), Figure B.2 shows the average experimental asperity radius of
curvature data raised to the (25/9) power as a function of breaking-in time. A linear regression
has also been fitted for the data in Figure B.2. The line is a very good fit to the experimental
data, the correlation coefficient is 1. Therefore, this suggests that the asperity radius of curvature
is related to breaking-in time by:
2Y
R,2 = 28.9t +2432 (B.27)
where the units of Ra are microns and the units of breaking-in time, t, are seconds. The
coefficients in Eq. (B.27) can be related to the breaking-in parameters using Eqs. (B. 17) and
(B.18).
In order to validate Eq. (B.24), Figure B.3 shows the average experimental asperity radius of
curvature data raised to the (7/3) power as a function of breaking-in time. A linear regression
has also been fitted for the data in Figure B.3. Once again, the line is a very good fit to the
experimental data, the correlation coefficient is 0.998. Therefore, this suggests that the asperity
radius of curvature is related to breaking-in time by:
Ra = 3.8t +1436 (B.28)
where the units of Ra are microns and the units of breaking-in time, t, are seconds. The
coefficients in Eq. (B.28) can be related to the breaking-in parameters using Eqs. (B.25) and
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Figure B.2: The data points represent the transformed average asperity radius of curvature. The
line is a linear regression.
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Figure B.3: The data points represent the transformed average asperity radius of curvature. The
line is a linear regression.
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(B.26).
Figure B.4 shows the average experimental values of asperity radius of curvature along with
the theoretical line given by Eq. (B.27) as a function of breaking-in time. As shown in Figure
B.4, the equation agrees very well with the experimental data. Therefore, it appears that the
breaking-in time is approximately proportional to the radius of curvature cubed.
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Figure B.4: The data points represent the average asperity radius of curvature. The line is given
by Eq. (B.27).
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Nomenclature
A, = real contact area of a pad asperity (M2)
a = contact semi-width between pad asperity and coating (m)
aR = contact semi-width between pad asperity and particle (in)
E, = Young's modulus of a pad (N/m2)
h = height of removed pad asperity (m)
k, = Preston's constant (m2 /N)
n = number of particles between an asperity and a coating
P = normal load (N)
P, = normal load on an asperity (N)
P = normal load on a particle (N)
P = pressure (N/m2)
R = particle radius (m)
Ra =radius of curvature of a pad asperity (m)
t = time (s)
V = volume of removed pad asperity (m3 )
v = velocity of a pad (m/s)
v1 = volume fraction of particles in the slurry
, = pitch of pad asperities (in)
AR= pitch of particles (in)
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APPENDIX C
PARTICLE SCRATCHING EXPERIMENTS
C.1 Particle Scratching Data
The semi-widths, ac, and depths, c, of the resulting measured scratches for the 50 nm and
45 nm slurries can be found in the second and third columns of Tables C. 1 and C.2, respectively.
As shown, the average scratch semi-widths are approximately 50 nm and the average scratch
depths are about 4 nm. The fourth column in each of these tables is Rexp, the estimated size of
the particle agglomerate that created the scratch, based on scratch geometry. The formula used
to calculate the expected agglomerate radius can be obtained by rearranging Eq. (3.6):
1 a 2
Re,P = I c , (6 < aj (C. 1)
2 S
Therefore, Eq. (C. 1) can be used to calculate the expected radius of the particle agglomerate
that created the scratch. As shown, the average radius of the particle agglomerates present in the
slurries was about 340 nm. This agglomerate radius is clearly larger than the nominal particle
radius used to create the slurries, which was about 50 nm.
The fifth column in Tables C.1 and C.2 shows n, the number of original particles that must
have agglomerated together to form the particle agglomerate of radius Rexp. This was calculated
by assuming a three dimensional, regular, spherical packing density:
4 3
n = 0.74 3 4 (C.2)
3
where R is the radius of the nominal particles presenting the two slurries (i.e. 50 nm and 45 nm).
As shown, on average, hundreds of particles agglomerated together to form each of the resulting
agglomerates.
The sixth column shows the normalized scratch semi-width, ac/Rexp, where the scratch semi-
width has been normalized with the respective radius of the particle agglomerate. This is the
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for slurry with a nominal radius of 50 nm.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
ae (nm)
45.5
49.0
29.0
58.0
43.0
98.5
48.8
69.2
43.3
50.1
54.7
34.1
50.5
49.0
50.5
38.5
ae(nm)
2.4
3.5
2.0
7.0
6.0
8.3
4.6
6.9
3.8
7.1
7.2
3.7
3.2
2.5
3.4
2.8
R exp (nm)
431
343
210
240
154
584
259
347
247
177
208
157
398
480
375
265
n
474
239
55
82
22
1179
103
247
89
33
53
23
373
655
312
110
a e /R exp
0.106
0.143
0.138
0.242
0.279
0.169
0.188
0.199
0.175
0.283
0.263
0.217
0.127
0.102
0.135
0.145
P (iN)
4.0
4.6
1.6
6.4
3.5
18.6
4.6
9.2
3.6
4.8
5.7
2.2
4.9
4.6
4.9
2.8
Avg. 50.7 4.7 304.7 253 0.182 5.4
Std. Dev. 15.8 2.1 124.3 308 0.060 3.9
Std. Dev./Avg. 31% 45% 41% 122% 33% 72%
Table C.2: Scratch data for slurry with a nominal radius of 45 nm.
No.
1
2-
3
4
5
6
7
8
9
10
11
12
13
14
15
16
a c (nm)
292.3
153.9
32.8
32.7
35.9
46.6
53.5
36.7
44.5
64.5
90.0
59.0
67.5
70.9
50.5
38.5
c (nm)
7.0
5.1
5.2
2.9
2.7
4.4
3.9
2.8
4.5
2.7
5.0
6.0
4.3
3.6
3.4
2.8
R exp (nm)
6103
2322
103
184
239
247
367
241
220
770
810
290
530
698
375
265
n
1845969
101667
51
111
122
401
114
86
3707
4316
198
1209
2762
428
151
a c /R exp
0.048
0.066
0.318
0.178
0.150
0.189
0.146
0.152
0.202
0.084
0.111
0.203
0.127
0.102
0.135
0.145
P (ptN)
163.7
45.4
2.1
2.0
2.5
4.2
5.5
2.6
3.8
8.0
15.5
6.7
8.7
9.6
4.9
2.8
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Avg. 51.7 3.9 381 976 0.160 5.6
Std. Dev. 17.0 1.1 229 1483 0.058 3.8
Std. Dev./Avg. 33% 28% 60% 152% 36% 68%
Table C. 1: Scratch data
parameter for which the theoretical distributions were created in Section 3.5.
The seventh and final column in Tables C. 1 and C.2 shows P, the normal load which must
have been present on each of the particle agglomerates in order to have created the scratch
geometry. For each of the scratches, the Cu coating deformed plastically, so Eq. (3.10) was used
to calculate the normal load.
C.2 Particle Scratching Data Analysis
The scatter plots of the scratch depth versus the scratch semi-width squared are shown for the
two slurries in Figure C. 1. The reason for plotting the data on these two axis is that the slope
from the origin to each data point is 1/(2Rexp). Furthermore, as can be seen in both scatter plots,
all of the data points have slopes that are less steep than the indicated slope for the nominal
particle radius. This graphically shows that every particle that created a scratch had a radius
larger than the original particles and was therefore an agglomerate. It should be noted that for
the 45 nm slurry, the data points in the first two rows of Table C.2 were omitted as outliers due
to the magnitude of the agglomerate size.
After comparing the spread in the data of the two scatter plots, and noting that the original,
nominal particle sizes of the two slurries were approximately the same, the data from the two
slurries were merged into a single distribution. This is further validated by the fact that both
slurries had average agglomerate sizes that were about 340 nm and both had standard deviations
of about 200 nm. Figure C.2 is the combined scatter plot of all of the particle scratching data.
As shown, there are many different agglomerate sizes present, all of which are larger than 50 nm.
Histograms of the scratch semi-widths, scratch depths, agglomerate radii, and the normalized
scratch semi-widths are shown in Figure C.3(a)-(d), respectively. The scratch semi-width
distribution, Figure C.3(a), looks approximately normal. The average scratch semi-width is
51 nm and the standard deviation is 16 nm. The scratch depth distribution also looks
approximately normal, Figure C.3(b). The average scratch depth is 4.3 nm and the standard
deviation is 1.7 nm. The agglomerate radii look log-normally distributed, Figure C.3(c). This
makes sense because most particle size distributions are log-normally distributed. The average
agglomerate size is 340 nm, which is a factor of seven larger than the nominal particle size. That
means that on average, hundreds of the original particles agglomerated together to create each
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Figure C. 1: Scatter plots for the (a) 50 nm slurry and (b) 45 nm slurry.
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Figure C.2: Scatter plot for all of the particle scratching data.
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Figure C.3: Histograms of particle scratching data: (a) scratch semi-width, (b) scratch depth, (c)
agglomerate particle radius, and (d) normalized scratch semi-width.
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agglomerate. The histogram also shows where the original particle size is in relation to the
agglomerate distribution. As shown, the entire distribution has shifted to the right of the nominal
radius. Furthermore, the standard deviation was 182 nm and the distribution has a characteristic
tail that shows some of the agglomerates had a radius of almost 1 pim. The normalized scratch
semi-width distribution, Figure C.3(d), had an average value of 0.17 and a standard deviation of
0.06. The distribution appears to be approximately normally distributed.
Table C.3 shows the statistical comparison of the experimental normalized scratch semi-
width distribution, Figure C.3(d), with the theoretical Gaussian distribution from Section 3.5. In
order to use the proper theoretical distribution from Section 3.5, the maximum pad hardness must
be known. Chapter 2 provides the details, but the maximum pad hardness is taken to be
0.31 GPa and therefore, the theoretical maximum normalized scratch semi-width is 0.50, from
Eq. (3.20). This means that the maximum scratch semi-width that is expected to appear on a Cu
wafer surface is one-half of the largest particle radius. The theoretical minimum normalized
scratch semi-width is 0.007, from Eq. (3.19). Therefore, by using Eq. (3.21), the theoretical
average is 0.26, and by using Eq. (3.22), the theoretical standard deviation is 0.06. These values
are summarized in Table C.3. Furthermore, as shown in Table C.3, the mean value of 0.26 is
also the median and the mode for the theoretical distribution because the theoretical distribution
is Gaussian. By definition, the Gaussian distribution does not have a defined minimum,
maximum or range and both the skewness and kurtosis of the Gaussian distribution are zero.
The experimental distribution has an average of 0.17, which is smaller than the theoretical
distribution's average. The experimental distribution has a standard deviation of 0.06 which is
exactly equal to the theoretical distribution. Furthermore, there is some skewness to the
experimental distribution.
The theoretical and experimental distributions are plotted together in Figure C.4. The
theoretical distribution is the same distribution as the one shown in Figure 3.5 for a maximum
pad hardness of 0.31 GPa. As shown in Figure C.4, the theoretical Gaussian distribution agrees
fairly well with the experimental distribution. Furthermore, it is important to note that the
theoretical distribution safely predicts a scratch size that is larger than the experimental
distribution. This is useful because it means that the theoretical distribution provides an upper-
bound on the distribution of the scratch geometry. Therefore, the theoretical distribution can be
successfully used as a design tool. By adjusting the maximum pad hardness, it is possible to
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Table C.3: Statistical comparison of the theoretical and experimental normalized scratch semi-
width distributions.
(a c/R)
Theory Experiment
Min - 0.08
Avg 0.26 0.17
Median 0.26 0.15
Mode 0.26 0.15
Max - 0.32
Range - 0.24
Var 0.004 0.00
Std Dev 0.06 0.06
Std Dev/Avg 0.23 0.35
Skew 0.00 0.81
Kurt 0.00 0.24
10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.001 
-L
0.001 I
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
a/R
Figure C.4: Experimental and theoretical Gaussian normalized scratch semi-width distributions.
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adjust the maximum normalized scratch semi-width. That means that Figure 3.5 provides the
upper-bound scratch distributions for the given maximum pad hardnesses.
Figure C.5 shows the experimental distribution plotted with the Gaussian distribution as well
as the log-normal distribution for a maximum pad hardness of 0.31 GPa. The log-normal
distribution is the same distribution as shown in Figure 3.6. As seen, there is no significant
difference between the theoretical Gaussian and log-normal distributions. Both theoretical
distributions provide a distribution that predicts scratch geometry that is greater than the
experimental distribution. Therefore, either distribution can be used for design purposes, but the
Gaussian distribution may be used for convenience.
Therefore, it is experimentally shown that Eqs. (3.19), (3.20), (3.21) and (3.22) can be used
along with the Gaussian distribution to safely predict the distribution of scratch geometry due to
particle scratching.
Furthermore, the two methods presented in Section 3.6 can be validated by using the average
agglomerate radius as well as the standard deviation of the agglomerate radius. Therefore, the
average agglomerate radius is taken to be 340 nm and the standard deviation of agglomerate
radius is taken to be 182 nm. If the average pad hardness for a Rohm & Haas IC1000 pad is
0.05 GPa and the standard deviation of pad hardness is 0.03 GPa, then the two methods can be
used to predict the largest scratch semi-width and depth on the Cu wafers.
The first method predicts the largest scratch semi-width, Eq. (3.31), to be 300 nm and the
largest scratch depth, Eq. (3.32), to be 102 nm. The second method predicts the largest scratch
semi-width, Eq. (3.39), to be 196 nm and the largest scratch depth, Eq. (3.40), to be 48 nm. It is
clear that the first method should be used as the more conservative estimate when trying to
predict the largest scratch geometry. When both methods are compared with the measured
scratch semi-width, it is clear that both methods provide estimates, 300 nm and 196 nm,
respectively, that are in fact larger than the semi-width of the largest measured scratch, 98.5 nm.
In fact, when the two outliers from the top two rows of Table C.2 are reintroduced into the data
set, both methods do fairly account for the large scratches as well. When both methods are
compared with the measured scratch depths, it is also clear that both methods provide estimates,
102 nm and 48 in, respectively, that are in fact larger than the depth of the largest scratch,
8.3 nm. The depths of the two outliers are also accounted for by both methods.
Thus, the two methods from Section 3.6 of calculating the largest scratch semi-width and
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Figure C.5: Experimental, theoretical Gaussian, and theoretical log-normal normalized scratch
semi-width distributions.
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depth based upon particle statistics and pad statistics have been experimentally validated.
C.3 Particle Agglomeration
It has been shown that the particle scratching theory safely predicts particle scratching due to
agglomerated, large spherical "particles." However, as was pointed out, hundreds of original
slurry particles must have agglomerated together to form each agglomerate. Furthermore, the
agglomerates were on the order of about 1 micron in diameter, whereas the original particles
were 50 nm in radius. It seems highly unlikely that so many original particles would be able to
agglomerate together. However if the large agglomerates did not form the scratches, then that
suggests that there was another source of scratching - possibly the pad.
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Nomenclature
ac = contact semi-width in a coating (in)
ac /R = normalized scratch semi-width in a coating
ac /Rexp = experimental normalized scratch semi-width in a coating
n = number of nominal slurry particles in each agglomerate
P = normal load per particle (N)
R = radius of a particle (in)
R = radius of a nominal slurry particle (m)
Rex, = radius of an agglomerated slurry particle (in)
(5 = depth of a scratch in a coating (in)
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APPENDIX D
ANALYTICAL/NUMERICAL FORMULATION OF FULLY-PLASTIC,
FRICTION CONTACT
The overall methodology for the analytical solution is to use a Boussinesq approach and
define two double integrals, F1 and H 1, such that the surface stresses are weighted with a
weighting function and then integrated over the contact area. After evaluating these double
integrals, two potential functions can be established [Johnson, 1985]. Using the potential
functions, the displacement field in the body can be determined. From the displacement field, it
is possible to determine the strain and stress fields. And, from the stress field it is possible to
determine the location and value of the maximum Mises stress and relate that to the applied
pressure, coefficient of friction, Poisson's ratio, etc. Of course, it is assumed that the body is
deforming elastically.
The two double integrals which weight the contribution of the surface pressure and then
integrate over the contact area are given by:
F, = pp a zIn (-x)y2 2+z2 ]2+z - -x)2 +(_Y 2 +z2]Y dgdq(D.1)
Pa aV,22 \ ±z 1 2dd(D)
a a9 q
where x, y, and z are the Cartesian coordinates for the solid, and and r/ are the Cartesian
coordinates for the surface of the solid. The two functions F1 and H1 are related such that F1
pH1. Two new functions, F and H, are then defined as:
_F 8H
F 1 ; H = (D.3)
az az
Using F 1, H1, F, and H, two potential functions, f1 and y, are defined:
8F 8F 8H (D4)8x ax Dz
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Given the previous functions as well as the potential functions, the displacements can be
calculated by:
ux = 2---+2v z(D.5)
4rcG z 8x ax 8x
U 4 1~a -H ±287, aij(D5
U=iK -- +2v a z'V) (D.6)
4rcG By ay ay
u Z -+(1-2v)-z (D.7)
41TG ( z az
where ux, u,, uz are the displacements and G is the shear modulus, G = E/(2+2v).
Once the displacements are known, the normal and shear stresses can be solved for:
2vG au +u au aux (D.8)
1-2v( ax ay az) ax
2vG Ux + uy + au +2G u (D.9)
" 1-2v ax ay az ay2vG au Bu au au (.)
o-z =v aux+ 'Uy+ Lu +2G '~u (D.9)
" -2v ax ay az az
r = G Ku + (D.11)
* @y ax
r-Y = G 'IU + Cgz (D. 12)
az ay
r = G a + a (D.13)
" 8x az
After the stress field is known, the Mises stress can be calculated using Eq. (4.25). And once the
Mises stress function is known, the location of the maximum Mises stress needs to be determined
as well as the magnitude of the maximum Mises stress. The location of the maximum Mises
stress is estimated to be at (x = a, y = 0, z = 0) which is on the surface at the leading edge of the
contact area. The maximum Mises stress is then equated to the yield strength of Cu and finally
the maximum pressure for a uniform pressure distribution with friction present that a coating can
withstand before plastically yielding, po,yc, can be solved for as a function of Uye, p, and v.
However, evaluating the double integrals in Eqs. (D. 1) and (D.2) is quite difficult even for a
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numerical simulation because trying to simplify and recombine the natural logarithms would be
very challenging after the integration. As a result of the challenging double integrals in Eqs.
(D. 1) and (D.2), it was decided to pursue a finite element analysis approach. It may be noted that
the double integrals in Eqs. (D. 1) and (D.2) are the same integrals that previous researchers such
as Love and Sneddon also had problems integrating and thus used approximations and
substitutions to simplify the solution.
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Nomenclature
E = Young's modulus (N/m2)
G = shear modulus (N/m2)
PO maximum pressure (N/m2
Po,yc = maximum pressure for a coating to yield (N/m2)
ux = displacement in x-direction (m)
U, = displacement in y-direction (in)
u. = displacement in z-direction (in)
X, y, z = Cartesian coordinates
P = coefficient of friction
v = Poisson's ratio
= axial stress (N/m 2)
UY,C = yield strength of a coating (N/m 2)
= axial stress (N/m 2)
uz2 = axial stress (N/m 2)
ry = shear stress (N/m 2)
r-x = shear stress (N/m 2)
T,2 = shear stress (N/m2)
7, = surface coordinates
V/,V/ 1 = potential functions
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APPENDIX E
CHEMICAL EFFECTS OF CuCMP
A typical CMP slurry consists of approximately 3% H20 2 in order to soften the Cu coating to
enhance the material removal rate [Jindal and Babu, 2004]. In order to quantify the effects of
hydrogen peroxide on the material properties of Cu, four different samples of 1-pm thick Cu
coatings were exposed to a solution of deionized H2 0 and 3% H20 2 for four different periods of
time. The first sample was not exposed to the solution, i.e. zero seconds. The second sample
was exposed to the hydrogen peroxide solution for 30 seconds and then removed and rinsed with
deionized water and dried. The third sample was exposed to the hydrogen peroxide solution for
60 seconds and then removed and rinsed and dried. And, the fourth sample was exposed to the
hydrogen peroxide solution for 300 seconds and then removed and rinsed and dried. The
Hysitron TriboIndenter model TI 900 was then used to make 36 indentations on each of the four
samples in order to measure the hardness and modulus of the coating as function of the time
exposed to a solution of H20 and 3% H20 2 . Each indentation was made to a depth of about
90 nm, which is less than 10% of the thickness of the Cu coating. Therefore, the effects of the
substrate were negligible. The indentation measurements performed on the Hysitron
TriboIndenter were completed with a Berkovich tip of natural diamond [Berkovich, 1951].
Furthermore, the Oliver-Pharr method was used to determine the modulus and hardness of the
Cu coatings [Oliver and Pharr, 1992].
Table E. 1 summarizes the average values and standard deviations of the Cu coating hardness
and modulus as a function of time exposed to a solution of 3% H20 2. Figure E. 1 shows the
average values of the Young's modulus and the standard deviations of modulus as a function of
time exposed to the solution of hydrogen peroxide. The figure shows that at about 60 seconds,
the hydrogen peroxide penetrated to a depth of about 90 un. This is known because after the Cu
sample was exposed to the solution of hydrogen peroxide for 60 seconds and then indented, the
modulus decreased by more than a factor of 10. Similarly, Figure E.2 shows the average values
of the Cu hardness and the standard deviations of hardness as a function of time exposed to the
solution of 3% H20 2. Figure E.2 also shows that at about 60 seconds, the Cu coating was
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Averages and standard deviations of the Young's modulus and hardness of a Cu
coating as a function of time exposed to a solution of 3% H202.
Time exposed (s) E c (GPa) H c (GPa)
Avg. Std. Dev. Avg. Std. Dev.
0 144.01 10.61 1.57 0.15
30 141.92 28.66 1.91 0.51
60 4.58 1.28 0.15 0.06
300 6.26 3.80 0.12 0.05
180
160
140
120
100
80
0 50 100 150 200 250 300 350
Time Exposed (s)
Figure E. 1: Coating Young's modulus as a function of time exposed to a solution of 3% H202.
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Table E.1:
3.0
2.5-
2.0
S1.5
1.0
0.5-
0.0
0 50 100 150 200 250 300 350
Time Exposed (s)
Figure E.2: Coating hardness as a function of time exposed to a solution of 3% H20 2.
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oxidized to a depth of about 90 nm. This is known because after the Cu sample was exposed to
the solution of hydrogen peroxide for 60 seconds and then indented, the hardness decreased by a
factor of 10. Therefore, it is clear that adding 3% H2 0 2 to the slurry, does in fact make the Cu
coating softer and more compliant. However, it is difficult to determine how much softer and/or
more compliant the Cu coating actually becomes during the CMP process. The reason for this is
that at a given point on the Cu wafer, the length of time that the Cu is exposed to the hydrogen
peroxide before being removed is not known. However, since industrial material removal rates
are on the order of 400 nm/min, each point on the Cu is probably exposed to the hydrogen
peroxide for a length of time that is of the order of seconds. Therefore, the modulus and
hardness of Cu without the effect of hydrogen peroxide should be used for modeling purposes.
However, if the material removal rates are slow and it is desired to take into account the
decreased values of Cu hardness and modulus, then the theory presented in this thesis is still
valid. It is only necessary to use the adjusted, decreased values for Cu modulus and Cu hardness.
In fact, Figure 4.17 can still be used to determine regions of scratching by pad asperities, with the
only change being that the pad hardness should be divided by the adjusted, decreased coating
hardness.
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APPENDIX F
MULTI-ASPERITY CONTACT: EXPONENTIAL AND UNIFORM
DISTRIBUTIONS
F.1 Exponential Distribution
The exponential distribution is a one parameter distribution that can be defined by the
standard deviation, qs. Therefore, if it is assumed that the asperity heights vary exponentially,
then:
1-s
#(z,)= -,e oS (F. 1)
The factor of one-half is present in Eq. (F. 1) because the exponential distribution only defines
the distribution of asperities with positive height, i.e., 0 < z, < oo. And, it is assumed that half of
the asperities are located below the centerline, i.e. z, = 0. Therefore, the probability density
function in Eq. (F.1) only accounts for the asperities that have height z, > 0. The probability
density function of the asperity heights below the centerline is not necessary because those
asperities will never contact the planar surface. Therefore, Eq. (F. 1) can be substituted into Eq.
(5.14) to give:
2 1 c Z 3
p k 2 =Ra E (zS -d) - e "s dz (F.2)3 U,
Equation (F.2) can be rearranged and normalized to give:
pAa2= R _- E - e d (F.3)3 dy.7 (- )
cs
Equation (F.3) can further be simplified by using Eq. (5.13):
pAY2 R - dE*e J e  j (F.4)
The integral in Eq. (F.4) is a well-known integral and it is called the Gamma Function.
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Therefore, the integral in Eq. (F.4) can be written as:
- e d =1' F(I=- (F.5)
0 US 2o 4
Substituting Eq. (F.5) into Eq. (F.4) provides:
p 2 Ra Y E.e U (F.6)
2
As was done with the Gaussian distribution, it is necessary to define an explicit value for d such
that the tallest asperity is at the onset of yielding. Therefore, a criteria similar to Eq. (5.18) must
be used for the exponential distribution. However, for the Gaussian distribution, it was assumed
that the tallest asperity had a height of 4as, which meant there was a 0.003% probability of there
existing an asperity taller than 4us. For the exponential distribution, it is assumed that the tallest
asperity has a height of 10as, which means that there is a 0.002% probability of there existing an
asperity taller than 1 Os. The value of 1 0u, was chosen as the height of the tallest asperity for the
exponential distribution so that the probability of there existing a taller asperity was similar to
the same probability for the Gaussian distribution. Therefore, the criteria for d is given as:
d 72 H 2 Ra
=10- " (F.7)
07, 16 E o
Equation (F.7) can be combined with Eq. (F.6) to give:
R H2
a,cr e 16 E2 a. 
_ _02 = 0 (F.8)
07S ) e-1V; E* o,
Unlike with the Gaussian distribution, Eq. (F.8) shows a purely algebraic equation that can be
solved analytically to find the value of Ra,crit. Equation (F.8) can also be rearranged to define the
plasticity index for the exponential distribution:
/= J =C
R 7 H' 2 rHP2R (F.9)
10 - *2 27 x 2 ( Ra,crit
where C = e Ee
2 Hp
As with the Gaussian distribution, typical values of C are approximately 1.
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The expression for Ra,crit given by Eq. (F.8) can be simplified by eliminating the exponential
term and grouping that term in with a constant, D, where D is primarily a function of the ratio of
pad hardness to modulus. Therefore, Eq. (F.8) can be rearranged to group the constants and the
exponential term:
'2 H 2 Ra cRit
p 16TE2 Y 2 10
- = 
-7 _O; R~t U (F. 10)
E* 2A
and when D is used, Eq. (F. 10) can be further simplified to:
R" = I Ractj (F.1)
E*) D us Aa
Table F. 1 shows calculated values for D, for different ratios of pad hardness to modulus and
for different ratios of the normalized critical asperity radius. As shown in Table F. 1, D is most
sensitive to the ratio of pad hardness to modulus. An appropriate range of the ratio of pad
hardness to modulus was chosen in Table F. 1 for a Rohm & Haas IC 1000 pad. As shown, D can
vary from about 18,000 to 1. It should also be noted that Eq. (F. 11) is sensitive to the pitch of
the asperities, Aa.
F.2 Uniform Distribution
If the asperity height distribution is assumed to be uniform, as shown in Figure 5.6, then the
probability density function is given as:
OZ =2z1
max (F.12)
where z = 2
2 s
The factor of one-half is present because the probability density function in Eq. (F. 12) only
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Table F. 1: Calculated values of D to be used with Eq. (F. 11).
H /E Ra, cri/s D
0.04
0.09
300
300
18485
5552
0.18 300 62
0.04 400 16747
0.09 400 3368
0.18 400 8
0.04 500 15173
0.09
0.18
500
500
2044
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describes the asperities that have positive height, i.e. the asperities above the centerline. The
uniform distribution can either be defined by zmax, the tallest asperity present in the distribution,
or by the standard deviation of the asperity heights, o-. The probability density function given in
Eq. (F.12) is only defined for asperities with heights: 0 < zs < zmax or similarly, 0 < zs < o-s I/2.
Therefore, Eq. (F. 12) can be rewritten in terms of the standard deviation:
1#(z= (F. 13)
Equation (F.13) can be substituted into Eq. (5.14) to give:
p2a2 4 R 2E* 2  z -dy2 -dz, (F.14)3,12 ds
The upper integration limit is not infinity for this distribution because the uniform distribution
has a bounded maximum. Equation (F. 14) can be further rearranged to give:
2 32
p 2 R 2E J z _ d d z- (F.15)
The integral in Eq. (F. 15) can be analytically evaluated and the result is:
p 2 8T R [E dj2 (F.16)
Pa 15,[- Us aE 2 oa,(. 6
Once again, it is necessary to explicitly define a value for d such that the tallest asperity is at the
onset of yielding. For the uniform distribution, this means that the asperity that has height equal
to Zmax is at the onset of yielding. Therefore, the criteria for d is given as:
d I- T2HPRa (F.17)
a, 2 16 E,2
Substituting Eq. (F.17) into Eq. (F.16):
8f5 2 H r
p 56= 6 2 R E* s " (F.18)
And, Eq. (F. 18) can be explicitly solved for Racrit:
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Racnt = 44 15V(p rE j.A 2] (F.19)
Equation (F.19) can be simplified to:
R =c2.t (F.20)
Equation (F.20) provides an explicit, algebraic expression for the value of Ra,crit, given that the
asperity heights are uniformly distributed with standard deviation, os.
The plasticity index can also be solved for by rearranging Eq. (F.20):
R,'Crt H P 207'(F.21)
where C = 21
2.79 % p H, E,
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Nomenclature
d = mean separation distance (m)
E*= equivalent Young's modulus (N/m2)
E, = Young's modulus of a pad (N/m2)
H, = hardness of a pad (N/m 2)
P = pressure (N/m 2)
Ra =radius of curvature of a pad asperity (m)
Racn =critical asperity radius of curvature (in)
zmax =maximum height of an asperity (m)
z, height of an asperity (m)
,5 depth of indentation (in)
A= pitch of pad asperities (m)
a, standard deviation of asperity heights (m)
V plasticity index
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APPENDIX G
SCRATCH DATA FOR Cu POLISHING EXPERIMENTS AT MIT
Table G. 1: Semi-widths, ac, and depths, &, of the scratches found on the Cu wafer surfaces.
Water 3 ptm Slurry Water + 3% H202 3 m Slurry + 3% H202
a, (prm) 1 6, (nm) a, (pm) [oc(nm) I a, (im) c (nm) a, (pm) 1 (nm)
35
36
37
360
290
295
320
330
340
340
310
350
310
330
350
360
370
320
290
295
310
340
400
270
285
310
340
350
320
620
310
320
350
320
320
180
370
330
17
17
10
40
31
8
11
135
30
27
380
17
19
12
75
16
270
90
365
76
29
310
245
365
19
27
14
4
4
4
2
5
8
8
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Avg. 4.5 14 2.6 15 4.2 308 3.5 79
Std. Dev. 1.5 12 1.4 14 1.2 100 1.3 120
Std. Dev./Avg. 34% 86% 55% 98% 29% 33% 37% 152%
APPENDIX H
BREAKING-IN A NEW CMP PAD RAPIDLY
In Section 5.3, it was determined that if the asperity heights of a typical CMP pad are
Gaussian-distributed, then all of the asperities must have a radius of curvature larger than about
1000 [tm in order for the asperities to deform elastically, which in turn will result in a decrease of
the severity and frequency of scratching. As was shown in Chapter 2 of this thesis, current
broken-in pads have an average radius of curvature of about 100 ptm. Therefore, in order to
ensure that the asperities deform elastically, the pad must be broken-in further to increase the
asperity radius of curvature.
Currently, industry breaks-in a pad by using a CMP tool to polish about 50 Cu wafers, which
are discarded later. This is very inefficient because the CMP polishing tool is designed for the
sole purpose of polishing wafers, not for breaking-in pads. The current breaking-in process takes
about 4 hours and must be repeated every 24 hours, which corresponds to about 300 "good"
wafers polished per day, per polishing machine. Therefore, valuable machine time and costly
consumables (i.e. wafers and environmentally-harmful slurry) are wasted.
Therefore, an efficient pad breaking-in process is proposed. First, a separate machine and
process should be used. This would enable the pad to be broken-in "offline," meaning that the
CMP polishing machines will not have to experience 4 hours of "down time" everyday. The pad
breaking-in machine consists of a rotating platen that is used to hold the pad. There will be four
more rotating platens that are used to hold disks of bulk material. By using bulk material disks
instead of costly wafers, approximately 50 wafers will be saved each day per polishing machine.
The bulk material may consist of metals, ceramics, hard coatings, and even some polymers. A
few examples are: copper, stainless steel, titanium, alumina, silica, zirconia, electroplated hard
metals, carbides, nitrides, borides, high density polyethylene, nylon, and polycarbonate. The
harder the bulk material, the longer the disks can polish before being replaced. The disks will
have holes cut through the material so that the slurry can pass through the holes, as shown in
Figure H. 1. By allowing the slurry to enter through the disk itself, no slurry will be wasted; any
used slurry is guaranteed to have passed through the pad/disk interface.
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. Rotation
'. Translation
Disk with holes
Rotation
Figure H. 1: Tool for rapidly breaking-in a pad.
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Furthermore, in order to make the pad breaking-in process more efficient, it is proposed that
a new process be followed. Because the material removal rate (of the pad as well as of the
breaking-in platen or disk) is proportional to the product of the normal pressure and the
velocities of the pad and the platen, to accelerate the breaking-in process, the pressure, velocity,
or both must be increased. In the current breaking-in practice, the pressure is about 1.5 psi
(about 10.5 kPa) and the rotational velocity is about 60 rpm. It is suggested that both the
pressure and rotational velocity increase by a factor of 2 or 3. Therefore, pressures may reach a
value of about 5 psi (34.4 kPa) and rotational velocities may reach 200 rpm. Furthermore, as
shown in Figure H. 1, it is proposed that the breaking-in machine have 4 platens. As a result of
this new machine and process, it will be possible to reduce the pad breaking-in time to more than
one-tenth that of the current breaking-in time. Furthermore, because it is an independent
breaking-in machine, the polishing machines can continuously operate 24 hours a day without
wasting 4 hours to break-in a pad each day. Therefore, the throughput of current polishing
machines can be increased by about 20%. Furthermore, only one pad breaking-in machine is
required to allow several polishing machines to continuously polish. For every 20 polishing
machines (which currently each need to operate for 4 hours a day to break-in a pad), investing in
only one breaking-in machine is necessary to reap the benefits.
A modified slurry may be used, if necessary, to enhance the pad breaking-in process, but it
will primarily consist of water (95%) and ceramic particles (5%). Therefore, environmentally
harmful chemicals will not be used. Since no environmentally-harmful chemicals will be used
by the breaking-in machine, costly waste disposal can be eliminated, since current breaking-in
practices use harmful chemicals.
The rapid pad breaking-in tool may need to have a cooling feature due to the increased rate
of energy dissipation during the accelerated breaking-in process. The energy that is currently
dissipated in 4 hours in the current breaking-in practice must be dissipated away in one-tenth the
time. Therefore, it may be necessary to cool the pad by providing a continuous stream of
deionized or distilled water near the center of the pad, while the slurry with abrasives is supplied
through the perforations in the disk. By implementing this, the cooling and breaking-in functions
are neatly decoupled.
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APPENDIX I
A NOVEL PROCESS FOR MANUFACTURING IDEAL CMP PADS
In Section 5.3, it was shown that using a pad with asperities of identical heights would be
ideal in terms of breaking-in a pad, because the asperities could then have smaller radii of
curvature and thus minimal breaking-in is needed. Therefore, instead of breaking-in a pad that is
manufactured to have large standard deviations of asperity heights and radii of curvature, each
pad should be manufactured such that the heights and curvatures of each asperity are tightly
controlled. Figure 1.1 shows a schematic of an ideal pad and Figure 1.2 shows a schematic of the
molding process. By properly manufacturing each of the pads, the costly process of breaking-in
a pad can be avoided completely and furthermore, scratching can be more tightly controlled.
Therefore, a pad molding process is proposed. The height of the pad asperities can
realistically be anywhere in the range of 3 pm - 20 pm. There is a height minimum because once
the pad asperities become too short, slurry flow is inhibited and the pad is likely to hydroplane as
opposed to experiencing "good" contact with the wafer surface. However, there does not exist a
height maximum so long as all of the asperities are of the same height. Nevertheless, practically
the asperities should-not be too tall so that they deflect to the side or buckle. Therefore, a mold
can made out of a metallic or ceramic material that has small dimples that each have a depth of
about 10 or 15 pim, a radius of curvature at the bottom of the dimples of about 50 pm, and a pitch
between dimples of 100 gm. By creating a square grid, for example, of these dimples on the
metallic or ceramic surface, the pad can then be molded against this surface. By manufacturing
the pad in this way, the heights, radius of curvature, and pitch of the asperities can be tightly
controlled. Therefore, extensive statistical methods will no longer be needed to analyze the pad.
Furthermore, by manufacturing each pad individually in this manner, it may be possible to have
tighter control on the pad modulus and hardness, which would also be beneficial.
It may be noted that Luo and Domfeld have proposed a similar idea of molding a pad
surface, but have approached it from a material removal rate point of view [Luo and Dornfeld,
2003; Lee et al., 2003]. Luo and Dornfeld suggest that by polishing with asperities of a uniform
height, more asperities will be in contact with the wafer and hence the material removal rate may
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Figure 1.1: Pad topography of an ideal pad.
Bump
Dimple
Polymer
Figure 1.2: Molding process for an ideal pad.
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be enhanced and consumables may be reduced. The idea of molding a uniform pad surface
presented in this thesis, has the view point of decreasing scratching, as well as decreasing
consumables used.
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